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Polymerization by homogeneous single-site catalysts is a recent and growing area of 
research. While single-site catalysts are typically not as fast as heterogeneous ones, their 
major advantage is that the kinetic rate constants may be manipulated through precise 
changes to the catalyst structure and reaction conditions. Such a process yields tailored 
polymers not generally available through heterogeneous catalysis. Two breakthroughs are 
needed in this field in order to achieve this goal: (i) reliable rate constants must come 
from experimental data, and (ii) correlations between rate constants and chemical 
structure must be discovered. At present, the majority of new single-site catalysts are 
reported without detailed kinetic parameters, in part due to the complexity of 
simultaneously modeling all polymerization data. The purpose of this body of work is in 
part to discuss the complex process of kinetic modeling in the context of single-site 
polymerization in order to promote this activity by other researchers. 
 
To this end, kinetic modeling has been performed for a number of single-site catalyst 
systems. The Group IV amine bisphenolate catalysts studied are all similar in structure 




 or SMe). The similar systems were chosen in order to probe how these small changes 
affect the kinetic rate constants. It was found that the donor arm has a large effect on the 
rate of chain transfer of the polymer, changing the rate by 1–2 orders of magnitude 
depending on the system. Meanwhile, the metal has a large effect on the propagation rate 
constant, with the rate constants in Zr faster than those in Hf by an order of magnitude. 
The temperature dependence of the rate constants was also examined for selected 
catalysts (Zr metal with THF, NMe2, and SMe pendants). The key findings were: (i) 
lower temperatures were discovered to prefer monomer dependent chain transfer while 
higher temperatures prefer monomer independent chain transfer, and (ii) reactions with 
sterically bulky active sites have high entropies but low enthalpies of activation, while 
less sterically hindered active sites have low entropies but high enthalpies of activation. 
These results allow for the possibility to manipulate the kinetic mechanism and can direct 






CHAPTER 1. INTRODUCTION 
1.1 Objectives 
The primary focus of this work is to provide a detailed kinetic analysis of a series of 
amine bis-phenolate catalysts, and to make comparisons between their rate constants and 
their structures. The ultimate goal is to provide the means with which one can predict 
catalyst behavior for novel catalyst systems. 
 
The specific objectives of this work are: 
(i) Provide the first examples of detailed kinetic modeling for an amine bis-
phenolate catalyst, establishing quantifiable parameters that can be 
compared in order to better understand the relationship between the 
catalyst structure and the rate constants. 
(ii) Determine the specific effect of the pendant of the amine bis-phenolate 
catalysts on the kinetic mechanism and its rate constants. 
(iii) Determine the specific effect of the catalyst metal on the kinetic 
mechanism and its rate constants. 
(iv) Establish activation parameters for polymerization by amine bis-phenolate 






This dissertation is organized into seven chapters (including this one). Chapter 2 provides 
a background of single-site polymerization, focusing on the kinetic mechanism and data 
modeling, and discussing the failings in the area of modeling. The chapter ends with a 
discussion on the amine bis-phenolate catalysts studied in the following chapters. Chapter 
3 will provide the details of the kinetic modeling technique used in the following chapters. 
The discussion provides simulated models of each of the key reactions. Chapters 4 
through 6 each feature one of three research papers I have published on the topic of 
kinetic modeling of amine bis-phenolate catalysts; each chapter begins with a summary 
of the publication and a list of my personal contributions to the collaborative work. 
Chapter 4 covers the principle modeling of an amine bis-phenolate catalyst. Chapter 5 
studies the influence of the pendant on the mechanism and rate constants by analyzing 
five differing pendants with otherwise identical structures, and seeks to develop a 
quantitative relationship between structure and rates. Chapter 6 studies the influence of 
the metal on the rate constants for different pendatns. Finally, Chapter 7 will gauge the 
influence of the reaction temperature on polymerization by performing multiple 
temperature experiments on a series of three different pendant catalysts, seeking to 






CHAPTER 2. BACKGROUND 
The polymerization of ethylene by a homogeneous catalyst was first produced by 
Breslow and Newburg from a Ziegler-Natta (ZN) catalyst in 1957.1 The polymerization 
of higher olefins by such a ZN catalyst was discovered later by activating the catalyst 
with methylaluminoxane (MAO).2 However, the exact structure of MAO has remained 
elusive; consequently, the precise catalytic pathway is not known. The more recent use of 
B(C6F5)3 and [Ph3C]+[B(C6F5)4]- as activators3 allowed the precise catalyst structure to be 
known, leading to a greater understanding of the mechanism involved in single-site 
polymerization. The focus of this dissertation will be for catalytic systems that employ 
these boron based activators so that the structures of the catalysts are well defined. 
2.1 Kinetic Modeling 
In the area of single-site homogeneous polymerization catalysis, there has been a large 
amount of work put into developing plausible mechanistic steps. While some aspects of 
the mechanism will change based on the specific catalyst, the general procedure for the 
growth and termination of polymer chains is widely accepted. The mechanism for single-
site polymerization and its individual reactions will be discussed in the following section. 
This will be followed by a discussion on how the rate constants for each of these 
reactions have traditionally been determined and on recent advances in improving the 





An example of a typical mechanism for hexene polymerization is given in Scheme 2-1, 
where M is the catalyst metal and L is the catalyst ligand. This scheme has the ability to 
capture many features of polymerization data through some combination of values for the 
specific rate constants. For some catalysts or reaction conditions, some of the individual 
rate constants may be negligible or may be missing from this scheme; however, this 
mechanism is one that should be explored at some point for any new catalyst system. 
Following is a more detailed discussion on each of the rate constants found in Scheme 
2-1. 
2.1.1.1 Activation 
Single-site catalyst precursors (also called precatalysts) contain typically contain one or 
two initiating (or leaving) groups that can be removed from the metal center by a neutral 
species known as an activator. These initiating groups are commonly methyl, benzyl, or 
chloro groups in Group IV catalysis. During the removal process, known as activation, 
the catalyst is left with an open coordination site, which allows chain growth to occur.4 
However, even when two initiating groups are present the activation will consistently 
remove only one of them, even in excess activator.3a In the absence of monomer, the 
activated complex takes on a conformation in which the initiating group, now attached to 
the activator, bridges the gap between the negatively charged activator (counterion) and 





In a review of catalyst activation for several precatalysts and activators,4 Chen and Marks 
summarize that activation generally occurs rapidly and is universally exothermic with a 
negative entropy of formation. The activator is known to affect both the rate of 
polymerization and the polymer stereochemistry.5 It has also been proposed that the 
choice of activator can affect whether certain mechanistic reactions, such as dormancy, 
occur at all.6 
2.1.1.2 Initiation 
After activation has occurred, an initiation event can take place, beginning the polymer 
growth process. The most widely accepted explanation for this process is the two-step 
process developed by Cossee and Arlman.7 In the first step (docking), a monomer 
reversibly adsorbs to the coordination site of the catalyst created in the activation process. 
The complex formed is known as a π-complex because it is the electrons of the π-bond in 
the monomer that associate with the metal. In the second step (insertion), the monomer 
inserts itself between the metal and the initiating group of the catalyst, regenerating the 
active site. If chain transfer is present in the microkinetic mechanism, a single catalyst 
molecule may undergo several initiation events during the course of a reaction. During 
the first initiation event, the initiating group is generally either a methyl group or a benzyl 
group. During subsequent initiation events, the initiating group may become a hydride 
group8 or a longer alkyl group resembling an already initiated state.9 
2.1.1.3 Propagation 
After the polymer chain has been initiated, the same two-step process found in initiation 




reactions is the size of the chain into which a new monomer is inserted. Propagation will 
generally occur much faster than initiation.10 One reason for why this may be is because 
of the weaker bond found between the metal and a long alkyl chain as compared to a 
methyl group. Another is because a growing polymer chain will cause the activator to be 
less coordinated from the metal, facilitating the entry of the next monomer.11 
 
Green, Rooney and Brookhart proposed a modification to the Cossee-Arlman mechanism. 
At the transition state for the insertion step, they propose that an α-H atom from the 
polymer chain will form an agostic bond with the metal center. This interaction would 
lower the transition energy barrier.12 Experimental and computational evidence have 
supported that the α-agostic interaction is present in the propagation transition state.13 
2.1.1.4 Dormant site formation 
A dormant site is a broad term for any catalyst site that is in some fashion prevented from 
inserting additional monomers into a growing polymer chain, but which may continue to 
polymerize after some time. One common reaction scheme that creates a dormant site 
comes forth from the manner in which a monomer coordinates and inserts into the 
polymer chain. For monomers larger than ethylene, monomer insertion can happen in one 
of four ways. These include two stereochemical arrangements of each of two isomers: 
one in which the carbon that binds to the metal is a primary carbon, commonly called 1,2-
insertion, or normal insertion; and one in which it is a secondary carbon, commonly 
called 2,1-insertion, or misinsertion. The preferred insertion path depends on the 




and symmetry of the catalyst, and the relationship between stereochemistry and catalyst 
structure has been studied by many research groups.2,3b,14 Misinsertion has been credited 
with both decreasing10b,14g,15 and increasing10a,16 the rate of additional monomer insertions. 
The truth here depends much on the catalyst being studied. Dormant sites may also form 
through kinetic pathways other than misinsertion. Allyl complexes have been proposed as 
possible dormant sites when the activator does not coordinate with the catalyst.17 
2.1.1.5 Chain transfer 
In a chain transfer reaction, the polymer chain that had been growing on the catalyst is 
terminated and released into solution. A review of several chain transfer mechanisms was 
published by Resconi et al.18 The possible chain transfer mechanisms include β-hydride 
transfer to the metal (after a normal insertion or a misinsertion event),8 β-hydride transfer 
to an incoming monomer,9 β-methyl transfer to the metal,19 chain transfer to an aluminum 
activator,20 or chain transfer to an added transfer agent (such as H2).21 Different 
mechanisms can be distinguished by their reaction orders in monomer and by the 
polymer end groups they create. End groups are typically analyzed using NMR 
techniques that can detect the presence of double bonds as well as whether the carbon 
atoms are primary, secondary, etc. 
2.1.1.6 Long chain branching 
Any double-bond terminated molecules in solution with the activated catalyst have the 
potential to insert into a growing polymer chain. While the inserted species is typically a 
monomer (as in Scheme 2-1), in some cases oligomers or polymers can also insert.22 The 




geometry catalysts—was performed by Lai et al.23 A mathematical model to describe 
long chain branching behavior was later developed by Soares et al.24 
2.1.2 Kinetic Parameter Determination 
In order to claim a comprehensive understanding of a specific catalyst system—that is, in 
order to predict the resulting polymer stereochemistry, regiochemistry, molecular weight 
distribution (MWD), and other properties—one must know both the microkinetic 
mechanism for that system as well as the temperature-dependent rate constants. Only 
then can predictions of the polymer architecture be extended to any initial conditions and 
temperatures. The following sections will review methods used for determining the 
appropriate mechanism and rate constants. 
2.1.2.1 Traditional methods for kinetic rate determination 
When a new polymerization catalyst has been synthesized, the most commonly reported 
value associated with the rate of polymerization is the activity (see, for example, the 
review by Alt and Koppl),14e which is defined as the amount of polymer produced 
divided by the catalyst amount and the reaction time. This value is often determined from 
a single monomer concentration measurement taken during an experiment. While this 
value has some utility (for example, when comparing the activities of two catalysts to see 
which one polymerizes faster), it says nothing about the individual rate constants, which 
work in combination to produce a polymer with a specific architecture. Experiments in 
which an average activity is determined from several monomer consumption data points 





While activity can give a somewhat rough estimate of the propagation rate, it cannot fully 
explain the complex polymer architecture that is observed for many catalyst systems. To 
measure additional rate constants, other methods have been developed. A catalyst system 
with a slow initiation rate relative to propagation displays an induction period in the 
monomer consumption curve.10b,26 (Conversely, the lack of an induction period will in 
general signify that the initiation rate is approximately equal to or greater than the 
propagation rate.) The induction period becomes more pronounced at higher monomer to 
catalyst ratios, and some researchers have taken advantage of this when determining the 
initiation rate.10a,27 
 
As mentioned earlier, different chain transfer pathways can be distinguished by the end 
groups found on the polymer chains. While many research groups have reported on 
which chain transfer pathway is taken by their catalyst system,3a,5b,15f,28 fewer have 
reported a value for a specific rate constant. When it is reported, the chain transfer rate is 
given either as an absolute value8,10a,25e or as a ratio with the propagation rate constant 
based on the degree of polymerization.5a,20,26 
 
In one of the most thorough studies of a single catalyst system, the Landis group has 
studied the kinetics of the single site polymerization of 1-hexene by rac-(C2H4(1-
indenyl)2)ZrMe2,10a,16b,17,25d,e,27a,29 a catalyst developed by Brintzinger.14d Several 
techniques are combined over a number of experiments in order to calculate all rate 
constants. Manual quenching and quench-flow techniques were used along with 




kinetics. By doing their study at several temperatures, they were also able to report the 
activation parameters for each rate. They also show that dormant catalyst sites form late 
in the reaction following chain transfer, and they provide the corresponding rate constant 
for this process.25e 
2.1.2.2 Simultaneous data modeling 
The drawback to the direct measurement methods is that it neglects the complex nature of 
the chemical mechanism. Scheme 2-1 shows the cyclic nature of catalysis, and it is clear 
that the concentration of any one species is dependent on all of the rate constants to some 
degree. One alternative to these “piecemeal” methods of kinetic parameter determination 
is to collect a series of data of adequate size and type and optimize a kinetic mechanism 
to all the data simultaneously. This section will discuss key research performed using 
multiresponse kinetic modeling as well as the necessity for an additional type of data that 
is less often used in the kinetic rate determination process. 
 
While the Landis group results are in good agreement with the various NMR data they 
collected,10a the experimental MWDs as determined by gel permeation chromatography 
(GPC) are not in agreement. Rather, the MWDs show shorter polymer chains than 
predicted by their mechanism, demonstrating that the mechanism and rates they propose 
do not tell the entire story. The study of this bisindenyl system has recently been 
extended by Novstrup et al.16a Using appropriate computational tools,30 they examined 
both the Landis group’s data as well as new data. They determined that the data require 




of the experiment (the so-called partial active site model). They also showed that as a 
direct result of this process the true propagation rate constant must be larger than the 
value measured by Landis et al. 
 
The key to this revelation came from a simultaneous analysis of the MWD and the active 
site concentration. During polymerization, only a fraction (around 60%) of the zirconium 
was growing polymer. While this can occur for catalysts with slow initiation rates, the 
simultaneous data analysis was able to rule out this possibility due to the difference in the 
shape of the molecular weight distribution for the two mechanisms. It is clear from this 
study that accurate rate constants for other catalyst systems must likewise come from a 
detailed kinetic analysis of a data set that includes polymer molecular weight 
distributions. 
2.2 Structure-Catalyst Property Relationships 
One key goal of kinetic modeling of single-site catalysts is to provide the researcher with 
the ability to predict behavior of the catalyst at alternative reaction conditions. Another 
important goal is to discover the relationships between the structure of the catalyst and 
the kinetic parameters. This can only be achieved through performing detailed analyses 
of multiple catalyst systems. Ideally, the catalysts being compared will be identical 
except for one key feature, with the aim of determining the kinetic influence of that 
particular feature. This understanding will guide the discovery of future catalysts that 




2.2.1 Rate constant relationships 
There are a number of qualitative relationships between the catalyst structure and the rate 
constants or other polymer features. Many of these relationships focus on the activity or 
the apparent propagation rate. Several studies have observed the relationship between the 
activator and catalyst activity,3a,31 noting that catalysis is faster when the activator more 
weakly coordinates. Similarly, steric crowding of the metal by the ligand also decreases 
the activity.14e  
 
Manz, et al., have recently provided the first quantitative relationship between the 
initiation rate constant and the structure of the catalyst.32 For a series of 27 titanium Cp 
aryloxide catalysts, they quantify the size of the opening (the cone angle) of the catalyst’s 
ligand and compare the value with the ki:kp rate constant ratio, finding a quantifiable 
relationship. They determine that the activator binding also plays a significant role, and 
they propose that the choice of solvent will have an important effect on the ratio of rate 
constants. 
 
Other studies have focused on the chain transfer reaction. These studies33 generally agree 
that bulkier ligand systems suppress monomer dependent chain transfer reactions. This 
qualitative result has been used successfully by several research groups to synthesize 
brand new catalysts with longer than expected molecular weight.34 The activator has also 
been reported to influence the rate of chain transfer,20,35 with the choice of activator 




2.2.2 Stereochemistry relationships 
The effect of catalyst structure on the polymer stereochemistry is probably the most well-
studied structure-property relationship in single-site polymer chemistry. Polymers formed 
from α-olefins with three or more carbon atoms can have differing stereochemistry. The 
orientation of the monomer side chains in relationship to each other determines the 
polymer’s tacticity. Polymers are usually given one of four classifications of tacticity. 
Isotactic polymers are composed of monomers with the side chains always located on the 
same side of the polymer. Syndiotactic polymers are composed of monomers that 
alternate in orientation. Atactic polymers are composed of randomly oriented monomers. 
The final classification, hemiisotactic, describes polymers in which every other monomer 
has identical orientation, but the remaining monomers are randomly oriented. 
 
It has been observed that in single-site polymerization catalysis, the structure of the 
catalyst affects the polymer stereochemistry.3b,14c,d,f,h For a catalyst with tetrahedral 
geometry, monomer docking can occur at one of two locations relative to the fixed 
catalyst ligands. The steric factors of these docking sites will determine what monomer 
orientations are allowed and which bulk tacticity is adopted. In general, a tetrahedral 
catalyst with C2 symmetry will produce isotactic polymer, while a CS symmetric catalyst 
will produce syndiotactic polymer (when chain migration following an insertion event is 
negligible). These findings have been supported by comparing the energetic of monomer 





Less well studied is the polymer stereochemistry from Group IV octahedral catalysts. 
These catalysts can be classified into two groups. One group contains two bidentate 
ligands,36 and the other contains one tetradentate ligand.37 The latter category can further 
be classified into catalysts with a pendant (a group on the ligand that donates a lone pair 
of electrons to the metal center but does not directly bridge the atoms of the ligand bound 
to the metal), and those without a pendant. From the several studies performed on these 
catalysts where the stereochemistry of the polymer was determined,36a-g,37a-e it has been 
observed14h that the bis-bidentate catalysts prefer to make syndiotactic polymer, while 
tetradentate catalysts prefer to make isotactic polymer, although this is not always the 
case.36d,37c,d Corradini, et al., provide an explanation for this trend based on computational 
results,14h however it is not immediately clear how to extend this study to pendant 
catalysts. 
2.3 Amine Bis-Phenolate Polymerization 
Early single-site catalysis centered around metallocene chemistry. A search for so-called 
“post-metallocene” chemistry has led to amine bis-phenolate ligands, which were 
discovered to polymerize 1-hexene by Kol and coworkers.37b,g,38 Catalysts of this type 
differ from the metallocenes in their basic geometry—they form octahedral geometries 
rather than tetrahedral—but the general reaction mechanism is assumed to be the same. 
These catalysts are relatively easy to synthesize, and synthesizing additional interesting 
ligands is also relatively simple.39 
 
The amine bis-phenolates can be classified into two groups. The first group contains a 




group, commonly also an amine), while the second group contains a sequence of three 
atoms, with the fourth branched off of the rest. This second category is referred to as the 
pendant ligand group because of the nature of this branched group. Catalysts with 
pendants have a minor structural influence on the catalyst as compared to the fully 
bridged systems, but the presence of the pendant is very important in terms of the 
reactivity of the catalyst.40 
 
The identity of the pendant is very important to the kinetic behavior of the catalyst. In 
one study activity was reported to be influenced by the pendant arm used (either OMe, 
NMe2 or SMe), although the sequence of activity from high to low differed for zirconium 
and hafnium.38 In another study the furan and THF pendants were studied, with the 
researchers concluding that weakening the pendant coordination increases the rate of 
chain transfer.37h Clearly, this catalyst family has a high potential for diverse set of rate 
constants, although none of these structure-rate constant relationships have as yet been 
quantified. 
2.4 Perspective 
The methodology for determining the mechanism and extracting the rate constants from 
polymerization data is in its infancy. It is clear that the polymerization data set must be 
modeled simultaneously rather than in a fragmented manner and that the molecular 
weight distribution is a key feature of such a data set. When kinetic modeling is 
performed for multiple catalysts with similar structures, trends in rate constants can be 
correlated with quantifiable features of the catalyst structure. Despite this, kinetic models 




provide accurate kinetic models for a series of single-site catalysts. The Group IV amine 
bis-phenolate catalysts were chosen for the ease with which their ligands can be changed 
and the moderate speed of their reactions, which allows for data to be collected over the 
entire course of the reaction. The kinetic parameters are compared among the catalysts 
studied, and quantitative comparisons are made. Ultimately, these structure-parameter 
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CHAPTER 3. DETAILED ANALYSIS OF KINETIC MODELING 
3.1 Introduction 
Single-site homogeneous polymerization catalysts provide the researcher with the ability 
to make precise changes to structural parameters in order to tune kinetic parameters (that 
is, the rate constants). This is because the structure of the active site is precisely known 
(whereas for heterogeneous catalysis the structure of the active site is not always 
precisely known). Along with experimental parameters such as reaction temperature and 
reactant concentrations, the rate constants ultimately determine the polymer’s bulk 
properties, which determine its commercial and industrial applications. Unfortunately, as 
of yet the precise method of tuning all parameters is not known, and luck and intuition 
take the place of scientific reasoning. 
 
Methods for accurately tuning the rate constants can be developed by first collecting the 
rate constants for a family of catalysts. A careful comparison of the rate constants may 
elucidate how the structural changes to the catalyst influence the kinetic parameters. For 
instance, increasing the steric bulk of a key substituent may correlate with a decrease in a 





At present, such correlations, if known at all, are only qualitatively reliable. Often, 
precise rate constants are not known. To be able to precisely tune kinetic parameters, one 
important step is to produce quantitatively accurate rate constants. This task is not trivial, 
as polymerization mechanisms can be complex. If polymer chains of every length are 
considered as unique species, then there are potentially thousands of species at a time in 
the reaction mixture.  
 
In order to determine the rate constants for a specific catalyst system at specific reaction 
conditions, two things are needed: (i) a diverse set of experimental data that captures the 
kinetic behavior of the system, and (ii) a method to interpret the data, converting the 
information into kinetic parameters. These two features of kinetic modeling will be 
discussed in the following two sections. 
3.2 Types of Data Collected 
Polymerization data can be collected either during the reaction or after the reaction has 
been quenched, depending on the specific type. Typically, when measuring a signal from 
a low concentration species the reaction must be quenched and the sample concentrated 
in order to detect it accurately, although rapid injection1 and stopped flow techniques2 
have been used in practice to allow measurement without quenching. 
 
Any number of measurement techniques can be used to shed light on the polymerization 
mechanism. The proper measurements that are needed to accurately solve the mechanism 




catalyst that makes very short polymer chains (oligomers) may yield some information to 
a gas chromatogram or mass spectrometer, whereas these instruments cannot analyze 
longer polymer chains. Typically some initial screening measurements are needed and 
some preliminary modeling must be done before more specialized measurements are 
done. 
 
The following sections will discuss the experiments that are used to identify the catalyst 
mechanisms for the catalyst systems in the following chapters. These are: (i) monomer 
concentration, (ii) vinyl group concentration, (iii) active site concentration, and (iv) 
molecular weight distribution. All of these species can be determined as a function of 
time by quenching a series of reaction mixtures at various times. 
3.2.1 Monomer Concentration 
As the chains grow during polymerization, monomer is consumed. In a batch-type 
reaction, the monomer concentration in solution will decrease during the reaction. Other 
than the solvent, monomer is typically the most abundant species in the reaction mixture. 
In olefin polymerization the double bond will produce a peak during NMR analysis, 
which can be quantified over the course of the reaction. 
 
The NMR analysis can be done in several ways. In this body of work, two techniques 
were alternatively used. The first technique is to perform the polymerization in a flask or 
other reaction vessel and quench the reaction mixture (or an aliquot from the mixture) at 




placed into an NMR, and the resulting peaks should allow for quantifiable monomer 
concentration. One advantage to this method is that multiple aliquots can be taken from a 
single experiment, which preserves uniformity of the experimental conditions. Any 
impurities, temperature variation, etc. that are introduced into the experiment will at least 
be consistent for all data points. A major disadvantage to this method is that the 
experimental setup has a larger volume to surface area ratio than alternative methods. The 
exothermicity of the polymer reaction can cause the reaction temperature to locally rise, 
which increases the difficulty of assigning rate constants from the experimental data. In 
addition, the process of taking aliquots necessitates the exposure of the reaction mixture 
to the environment, which may introduce foreign species that have an effect on 
polymerization. This technique is discussed further in Section 4.3.4. 
 
Alternatively, it is possible to perform the polymerization in a tube that can be placed in 
an NMR, which allows the monomer concentration to be monitored in situ (that is, 
without quenching the reaction). A key disadvantage is that this method has a smaller 
volume than an experiment in a flask, meaning that it may be more difficult to analyze 
additional species in solution, such as vinyl end groups or the polymer itself. Furthermore, 
aliquots cannot be quenched independently of the rest of the reaction mixture, so multiple 
experimental points must come from independent experiments. This technique is 




3.2.2 Vinyl Group Concentration 
One common polymerization reaction, referred to as chain transfer, is defined as the 
termination of the growth of one polymer chain and the beginning of the growth of 
another. The active site is thus transferred from one polymer chain to another. Once a 
chain transfer reaction has occurred, a polymer chain is released into the reaction mixture. 
Depending on the specific chain transfer mechanism, the released polymer chain may be 
terminated with a double bond. In α-olefin polymerization, for instance, if chain transfer 
occurs at a catalyst active site with a primary carbon–metal bond, the polymer chain 
gains a terminal olefin, called a vinylidene group. If, on the other hand, chain transfer 
occurs at a secondary carbon–metal site, the double bond will be internal, called a 
vinylene group. In some cases, as when an agent such as H2 is used to induce chain 
transfer, the polymer chain may be left with no double bond signature. 
 
Polymers with a double bond signature can be identified through NMR analysis, and 
vinylidene and vinylene groups will have separate peaks. Excess monomer, which has a 
terminal double bond, may hide the vinylidene signal, also identified by a terminal 
double bond. Therefore monomer must be removed from solution to determine vinyl 
concentrations, and in situ experiments are not possible. The additional information 
gained by quantifying the vinyl peaks can be used to help assign a mechanism and rate 
constants to the catalyst system. Vinyl concentrations as a function of time are especially 
helpful when it comes to identifying the specific mechanism and the rate constant for the 




reaction pathways, which are all interconnected. This procedure is described in Section 
6.3.5. 
3.2.3 Active Site Concentration 
During olefin polymerization of monomers longer than two carbon atoms, the monomer 
may insert into the polymer chain in one of two ways: the primary carbon of the 
monomer double bond binds to the catalyst active site (normal insertion), or the 
secondary carbon binds to the catalyst active site (misinsertion). These two types of 
insertion events can occur with much different rate constants, although the micro-kinetic 
mechanisms are similar. The main difference is that there is added steric bulk around the 
active site in misinsertion. An active site with a misinserted monomer is presumably 
slower compared with normal insertion,3 although a number of studies have observed that 
for certain systems the reaction rate may actually be increased by misinsertion.4 Either 
type of active site—referred to as primary and secondary active sites—can potentially 
insert a monomer in either the normal fashion or the misinserted fashion. A special name, 
recovery, is given to normal insertion of a monomer into a misinserted site. 
 
The concentrations of primary and secondary sites, if known, provide valuable 
information for mechanism and rate constant determination. Typically, primary and 
secondary active sites are measured by quenching the reaction mixture with deuterated 
methanol. The deuterium atoms, when affixed to the polymer through quenching, will 
yield different signals for primary than for secondary active sites. This measurement is 




quenching of the reaction, evaporation of the solvent and monomer, and the addition of 
an internal standard. This procedure is described in Section 6.3.5. 
3.2.4 Molecular Weight Distribution 
In polymerization reactions, the polymer itself can be analyzed to deduce the chemical 
mechanism. The specific combination of reactions and rate constants, along with reaction 
conditions such as temperature and initial concentrations, influences the molecular 
weight of the polymer. The molecular weight can be determined through gel permeation 
chromatography (GPC) analysis. In GPC analysis, the dissolved polymer sample is 
passed through a packed column of porous beads. The polymers of smaller size become 
trapped in the pores as they flow through the column, while larger polymers are trapped 
for a smaller amount of time. Thus a distribution of polymers elutes from the column, 
starting with the largest and ending with the smallest. 
 
Multiple detectors are used in GPC analysis to determine the molecular weight of the 
polymer. The detectors used to analyze the polymer samples discussed in the following 
chapters are: 
(i) A refractive index detector, which measures the angle that light is 
refracted as it passes through the polymer sample relative to pure solvent. 
The refraction angle increases as the sample concentration increases. 
(ii) A viscosity detector. This detector critical when using the universal 
calibration technique to determine a molecular weight distribution, which 




polymer with its molecular weight is proportional to the polymer’s 
retention volume in the separation column, and that the proportionality 
constant is independent of the type of polymer.  
(iii) Light scattering detectors. The amount of light scattered by a polymer 
increases as the molecular weight increases, and can be used to determine 
the polymer molecular weight independently from a viscosity detector. 
Two GPCs were used over the course of study. The details of both GPCs used are given 
in Section 5.3.6. For an excellent discussion of GPC theory, along with a discussion on 
the sources of error, see the Ph.D. dissertation on Krista Novstrup.5 
 
While the polymer molecular weight distribution is a complete summary of all polymer 
chains grown in a given reaction, it is common to see certain molecular weight averages 
reported. These include the number average molecular weight, Mn; the weight average 
molecular weight, Mw; and the polydispersity, which is Mw/Mn. Polydispersity is a 
numerical measurement of the broadness of the distribution. A value of 1 is a perfectly 
narrow distribution (the sample is a single molecular weight), while a value above 1.7 
would be very broad (polydispersity may never be below 1). These measurements may be 
helpful for comparing polymers and catalysts to each other, but the full distribution is 
typically needed for model determination. 
3.3 Effect of Specific Rate Constants on Model 
Producing specific model behavior by adjusting rate constants is a task that requires 




mechanism will have a unique influence on the behavior of the catalyst system as it 
grows polymer. Furthermore, the species in the reaction mechanism are intertwined such 
that there is not always a one-to-one way change a rate constant to adjust a specific model 
fit. Despite the complex nature of the task, the following sections will examine the 
relevant polymerization reactions one at a time in order to provide the reader with a 
starting point to know what to look for when presented with experimental data. 
3.3.1 Propagation 
The primary reaction in olefin polymerization is propagation, the process through which 
monomers are added to a polymer chain at the catalyst active site. The most widely 
accepted mechanism for propagation of olefin polymers is the two-step Cossee-Arlman 
mechanism—reversible coordination of the monomer to the active site to form a so-called 
pi-complex, followed by monomer insertion through electron rearrangement. The 










Here, Cn represents the active catalyst with a growing polymer containing n monomers, 
M represents the monomer, and Πn represents the pi-complex between the monomer and 
the catalyst with chain length n. Note that although propagation is generally considered as 
having a single reaction rate, kp, this reaction scheme contains three rate constants. It is 
generally assumed that the length of the polymer chain has no significant effect on the 




(The case where n = 0, chain initiation, is a possible exception; this process will be 
discussed in section 3.3.2.) 
 
The initial coordination of the monomer is a monomer dependent reaction, while the 
reverse process and the forward insertion process are monomer independent. Thus the 
relative values of the rate constants will affect the overall monomer dependence of the 
reaction. Assuming a steady-state concentration of the pi-complex, which undergoes 
many turnovers over the course of the reaction, Equation 3-1, which is derived in Manz, 
et al.,6 defines the time dependent monomer concentration. Note that Equation 3-1 has a 
linear dependence on monomer concentration as well as a logarithmic dependence. 
Depending on the rate constants’ relative values, both behaviors can be seen in the 
monomer concentration versus time data for a single experiment. 
 
Equation 3-1 𝑡 = 1[𝐶𝑙𝑖𝑣𝑒] � 1𝑘2 ([𝑀]0 − [𝑀]) − 𝑘−1+𝑘2𝑘1𝑘2 ln � [𝑀][𝑀]0�� 
 
Equation 3-1 can be used to predict the monomer concentration for different values of the 
propagation rate constants. In theory, this equation can be used to extract the rate 
constants by fitting it to the data. However, the form of the equation does not allow for k1 
and k–1 to be determined independently. If [M] is plotted against t, there may be a linear 
portion of the data (depending on the relative rate constants and [M]0). If there is, the 
slope will be proportional to k2. If the logarithm of [M]/[M]0 is plotted against t, then the 




where k2 is fast, the equation resembles a simple second order reaction of monomer with 
catalyst (i.e. a propagation reaction) with a rate constant of (k1k2)/(k–1 + k2). We will 
therefore call this quantity kp and remark that it should be possible to fit both k2 and kp 
from monomer consumption data where both monomer dependence features are present, 
however k1 and k–1 cannot be independently assigned. 
 
The rate constants kp and k2 can only be determined from monomer consumption data in 
specific instances. If either k2 or kp×[M] is large, then only the slower rate—from the rate 
determining step—can be assigned. However, because [M] decreases during the reaction, 
it is possible that the rate determining step will change late in the reaction. Therefore, 
when the rate constant quantities are approximately equal both can theoretically be 
assigned. 
 
Figure 3-1 provides models of monomer consumption data for different values of kp and 
k2, and they show what to look for when assigning rate constants. It is helpful to first plot 
monomer consumption data in linear and semi-log plots since linear slopes in either of 
these plots have special meaning. Figures 3-1a and b show models for a constant value of 
k2. When kp×[M] is small compared to k2 the second (logarithmic) term in Equation 3-1 
dominates. Thus the linear part of the curve in Figure 3-1b, which would be apparent late 
in the reaction (when [M] is small), is proportional to kp. Alternatively, when kp×[M] is 
large compared to k2 the first (linear) term in Equation 3-1 dominates. In this case, the 
slope of the linear portion of the curve in Figure 3-1, which would be early in the reaction 




will eventually overlap as kp increases. Further models of a range of values of k2 with a 
fixed kp are shown in Figures 3-1c and d. In cases where the data transition from one 
regime to the other over the course of the reaction, it may be possible to assign both rate 
constants simultaneously, although model fitting software may be necessary for an 
accurate fit. 
 
When monomer consumption is linear on the semi-log plot it is impossible to precisely 
assign a value of k2. At most it can be said that k2 is fast compared to kp×[M]. When this 
is the case, the kinetic modeling procedure is often simplified to exclude k2 altogether. 
However, there are many cases where monomer consumption is not linear due to other 
chemical reactions present (such as when the initiation rate is slow compared to 
propagation; see section 3.3.2). The standard modeling procedure used in this work is to 
assume that propagation acts as a single monomer dependent step with only one rate 
constant and to assume that deviations from linearity in monomer consumption data come 
from reactions other than slow monomer insertion. 
3.3.2 Initiation 
It is often assumed that during polyolefin growth the propagation rate constant is 
independent of the number of previous monomers that have been inserted. This is 
because the steric and electronic nature of the polymer chain at the metal active site does 
not change significantly with the addition of more monomers. Often, however, special 
care must be taken when considering the first monomer insertion. In this case, the steric 




Two causes for a slower initiation rate constant can be imagined. The initiation 
mechanism is assumed to follow the same two-step mechanism of propagation discussed 
in the previous section, with the reactions given as follows: 
C0+M k1,i� Π0 
Π0 k–1,i�⎯� C0+M 
Π0 k2,i� C1 
The first step—docking—involves a monomer coordinating to the catalyst active site. In 
order for the monomer to coordinate, the catalyst activator molecule, present as an anion 
to balance the metal cation of the catalyst, must be pulled away from the active site, 
leaving an open coordination site. When the polymer chain is long the resting point of the 
activator is further away from the positive charge center than it is for a catalyst with no 
polymer chain. This is because the steric bulk of the polymer hinders close approach of 
the activator. The separation energy is thus greater for the initiation reaction than for the 
propagation reaction. 
 
A second cause of slower initiation is the nature of the bond into which the new monomer 
is inserted. Assume the initiating group of a catalyst is –CH3. The energy of the M–CH3 
group is higher than the M–CH2–R group present in a growing polymer because –CH3 is 
less highly substituted, and thus the transition energy barrier for the former reaction will 
be higher. This effect on initiation is significant when it is the docking step—rather than 




When modeling a catalyst system that has both an initiation and propagation process with 
separate rate constants, it is no longer possible to do so analytically. Equation 3-1 cannot 
be extended directly to the initiation process because the reacting catalyst species no 
longer has a constant concentration; the pre-initiated catalyst is consumed, and the 
propagating species becomes prominent. However, numerical solutions can still be used 
to solve for rate constants from experimental data. 
 
It is still helpful to assign to the initiation process a monomer dependent rate constant and 
a monomer independent rate constant, as was done for the propagation reaction. These 
rate constants will be referred to as ki and k2,i, respectively, where ki = k1,ik2,i/(k–1,ik2,i). 
The influence of each of these parameters on the model can be seen in Figure 3-2. For 
simplicity, kp and k2 are fixed at 1 M–1 s–1 and 1 s–1, respectively, for the analysis on 
initiation. In general, when the initiation rate constants are small compared to the 
propagation rate constants, (i) the number of propagating catalyst sites grows slowly, 
possibly maxing out below the maximum precatalyst concentration depending on the 
relative rate constants (Figure 3-2a), (ii) the rate of monomer consumption is slowed 
early in the reaction due to the decrease in catalyst sites (Figure 3-2b), and (iii) the 
molecular weight distribution is both broader—due to the extended time over which 
polymer chains begin growing—and longer—due to the increased [M]:[C] ratio (Figure 
3-2c). 
 
Figure 3-2 demonstrates two instances of slow initiation. Black demonstrates the model 




trend in rate constants. It is worth noting the differences between the two cases. In the 
black case the rate limiting step is monomer dependent. Some activated sites will 
eventually initiate, and these sites will then consume monomer quickly, leaving less 
monomer for the pre-initiated sites. By the end of the reaction several pre-initiated sites 
will remain. In the red case the rate limiting step is monomer independent. When the 
propagating sites start to consume monomer quickly, there will still be a number of pre-
initiated sites that have already undergone the fast monomer dependent docking step, and 
more of the catalyst can initiate than in the black case. In the case where both ki and k2,i 
are small, the features seen in Figure 3-2 will be exaggerated even more. 
 
While these features of slow initiation can discriminate between ki and k2,i, it becomes 
very difficult to do so for more complex chemical mechanisms. The broadening of the 
distribution is also seen when chain transfer is present (Section 3.3.4), and the shift of the 
molecular weight distribution is also seen when there is incomplete catalyst participation 
(Section 3.3.5). When anything can be said about initiation, it is usually only a single 
parameter that can be assigned. The kinetic modeling in the following chapters assumes 
that initiation can be modeled accurately by a single bimolecular reaction between a 
catalyst and a monomer with a reaction rate of ki. 
3.3.3 Misinsertion and Recovery 
Olefin polymerization of propylene and higher monomers can occur along one of two 
regiochemical pathways. In the normal insertion pathway the product of an insertion 




the polymer chain—is bonded to it). In the misinsertion pathway the carbon of the metal–
carbon bond has two other carbon atoms bonded to it (the polymer chain and the 
monomer tail), and it is thus a secondary carbon. The reaction pathways for normal 
insertion (what we have referred to as propagation) and misinsertion are essentially 
identical in terms of their reactants. The differences are in the form of the product and the 
value of the rate constant. 
 
The sister reaction to misinsertion is termed recovery. It is so called because by this 
reaction a misinserted reactant and a monomer react to recover a primary catalyst site. 
Misinsertion and recovery are typically slow reactions compared to propagation3c-e due to 
the increase in steric bulk found at the active site during the insertion or docking 
processes, respectively. However, the misinserted site is not slow to insert monomer for 
all catalysts or under all conditions.3a,b,4b,c,7 An additional reaction, where a monomer 
misinserts into an already misinserted site, is also theoretically possible, although this 
step is typically ignored due to the steric constraints present in both the docking and 
insertion processes. 
 
Misinsertion and recovery reactions are typically invoked in a mechanism for one of two 
reasons: (i) secondary active sites are detected from an experiment that measures the type 
and concentration of active sites, or (ii) the molecular weight distribution is broad both in 
the high and low molecular weight regions, implying that there is a process that can turn 





The effect of slow misinsertion and recovery pathways in the reaction model are shown 
in Figure 3-3. When a catalyst site undergoes slow misinsertion, it is temporarily 
rendered dormant. Because fewer sites are able to consume monomer the rate of 
monomer consumption is slowed (Figure 3-3a). The molecular weight distribution is 
broader when misinsertion occurs (Figure 3-3b) due to the distribution in the amount of 
time that catalyst sites are actively growing. Sites that are dormant longer will grow 
shorter chains, while sites that are not dormant as much can grow with a higher observed 
[M]:[C] ratio. An accurate measurement of the types and concentration of active sites 
(Figure 3-3c) can provide some information about the ratio of misinsertion and recovery 
rate constants. High concentrations of secondary sites compared to primary sites means 
that recovery is slow compared to misinsertion, and the catalyst has become “stuck” in its 
misinserted state. However, other rate constants, such as those for chain transfer or 
deactivation, can influence active site concentrations as well. 
 
While this section has focused on misinsertion and recovery, these reactions are actually 
specific cases of a broader category of reactions known as dormant site formation and 
recovery. The general effect of such reactions is to create a catalyst site that will be 
temporarily prevented from continuing polymer growth, which slows the apparent 
monomer consumption rate and broadens the molecular weight distribution. In the special 
case of misinsertion and recovery, the dormant site can be identified by the secondary 
carbon signature, although in other cases of dormant site formation a different chemical 




3.3.4 Chain Transfer 
The growth of a polymer chain can be terminated by one of a series of reactions known 
as chain transfer. Chain transfer reactions may or may not require a monomer molecule to 
be present to proceed. The products of a chain transfer reaction are a polymer molecule 
and the original catalyst molecule, which may once again grow a new polymer chain. 
Chain transfer reactions may proceed by the reaction of the growing polymer with a chain 
transfer agent, such as H2, that is added by the experimenter. However, we will focus 
only on those reactions that occur without the addition of extra species. 
 
Vinylidene and vinylene polymer end groups form following chain transfer from primary 
and secondary catalyst sites, respectively. The concentration of these groups can be 
measured independently, and therefore two chain transfer rate constants can be calculated. 
There is no chemical signature, however, that differentiates between a monomer 
dependent chain transfer reaction and a monomer independent chain transfer reaction. 
These pathways must be identified through kinetic modeling of the concentration data, 
which will be different for these types of reactions. 
 
Figure 3-4 demonstrates the model behavior for monomer dependent (Figures 3-4a and b) 
and monomer independent (Figure 3-4c and d) chain transfer at various kp:kct ratios. For 
simplicity, this model generates only one type of vinyl group following chain transfer. 
The presence of a chain transfer reaction on the molecular weight distribution is to 
broaden the low molecular weight tail. This occurs simply because chain transfer stops 




weight tail of the distribution, which is steep when there is no chain transfer, will remain 
steep when the chain transfer rate is very slow compared to kp. As the chain transfer rate 
increases the high molecular weight tail will broaden further, eventually losing the steep 
edge completely. 
 
Depending on the model rate constants chosen, first and second order chain transfer can 
produce very similar molecular weight distributions. The most striking difference 
between these two models is in the rate of formation of vinyl groups. Monomer 
dependent chain transfer will create vinyl groups at a rate that will decrease over time 
(Figure 3-4b), whereas monomer independent chain transfer will create vinyls linearly 
with time until late in the reaction when monomer concentration is very low and no 
growing catalyst sites remain (Figure 3-4d). 
 
3.3.5 Incomplete Catalyst Participation 
The single-site polymerization process requires that a precatalyst molecule is activated in 
a specific way by an activator molecule. Ideally, 100% of the precatalyst will be 
converted to the active catalyst form, ready to undergo initiation by a monomer. However, 
experimental evidence3c-e,8 clearly shows that this is not always the case. Often, some 
fraction of the precatalyst does not participate in the reaction, and the system behaves 





The reason for this occurrence is uncertain. One possibility is that the precatalyst is not 
completely activated. However, in measurements done in the absence of monomer 
catalyst activation is always seen to occur completely and rapidly. Another possibility is 
that some sort of catalyst poisoning agent is introduced into the reaction mixture, either 
with the monomer, precatalyst, or activator. However, experiments done in which the 
concentrations of each of these species were varied did not seem to affect the amount of 
participating catalyst. A third possibility is that the activator molecule may interact with 
the catalyst in more than one way, creating multiple catalyst complexes, some of which 
may not grow polymer over the time scale of the reaction. 
 
No matter what the reason, incomplete catalyst participation must be accounted for 
during kinetic modeling. The consequence of neglecting this event is to underpredict the 
propagation rate constant as well as possibly miscalculate the other rate constants.8b 
Consider a reaction mechanism where propagation is the only relevant rate constant, and 
the only data available is monomer concentration versus time. (For simplicity, 
propagation can be modeled as a single second order process between a catalyst and a 
monomer.) The goal in modeling is to arrive at a solution that matches the experimental 
data. With one rate constant this is a trivial problem: the slope of the semi-log plot of 
monomer concentration vs. time is proportional to the propagation rate constant. Now 
consider that there is incomplete catalyst participation. If, say, only 50% of the catalyst is 
participating in polymerization, then the modeling solution is a propagation rate twice as 





In this example, there are an infinite number of combinations of catalyst participation 
fraction and propagation rate constant that will model the data. To solve, an additional 
constraint is needed. This constraint comes in the form of additional data. Specifically, 
the active site concentration or the end-point molecular weight distribution can be 
integrated into the data set to solve the problem. The active site concentration is a direct 
measurement of how many catalyst sites contain a growing polymer. If only half of the 
catalyst is participating in the reaction, then it should be seen clearly in this data set. The 
molecular weight distribution will also carry a signature for incomplete participation. If 
only half the catalyst participates in the reaction the effective [M]:[C] ratio for the 
experiment is doubled, thus yielding end-point polymers that are twice as long. 
 
In practice, reaction mechanisms for single-site olefin polymerization are never as simple 
as a single propagation reaction. Other pathways can cause decreases in active site 
concentration and increases in molecular weight distributions. The best course of action 
is to collect as many data responses as possible to verify that incomplete catalyst 
participation is present. 
 
One final comment is that we have observed the fraction of catalyst participating in a 
reaction vary from experiment to experiment even when the initial conditions were the 
same. When this is the case the experimental data will appear inconsistent even when all 
of the rate constants are in fact identical. Figure 3-5 shows two complex reaction models 
that have identical rate constants but different fractions of catalyst participation. In the 




participates. The reason for differing participation amounts may lie in using different 
batches of solvent or reactants, different ambient conditions, or even different amount of 
time of “pre-mixing,” that is, the amount of time two of the three reactants (monomer, 
precatalyst, and activator) are allowed to mix before the third is added. 
3.4 Model Discrimination 
When fitting experimental data to a kinetic model, it is important to be able to 
discriminate between different models. Often, multiple mechanisms will produce similar 
or identical model fits of a particular data set. These mechanisms may share some or all 
reaction pathways, but they may have very different rate constants. The purpose of 
kinetic modeling is to correctly identify a kinetic mechanism and assign rate constants as 
accurately as possible. The following section will be dedicated to explaining some ways 
to discriminate between different mechanisms that appear to have identical behavior. 
3.4.1 Change in Initial Concentration 
Two models that appear to have identical behavior may diverge when the initial 
concentrations of the reacting species are changed. The reactant that is most likely to 
cause a change between two mechanisms is the monomer because often chemical 
mechanisms have monomer dependent and monomer independent steps. If the initial 
monomer concentration is, say, doubled, the rates of the monomer dependent steps would 
double while the rates of the monomer independent steps would stay the same. 
 
As an example, we will return to the similarities between the following two models: (i) 




causes a change in reaction order, and (ii) kp is fast while ki is slow. The monomer 
consumption for these processes is described in Figure 3-1d and Figure 3-2b, respectively, 
and the two models are compared together in Figure 3-6. Note that for the initial 
concentrations used in these models both have a gradual increase in slope toward a 
maximum over the course of the reaction. Now consider when the initial monomer 
concentration is much lower. In case (i) the decrease in [M]0 will cause the reaction order 
to shift to second order much sooner, and the semilog plot of monomer consumption will 
become linear at an earlier time.. In case (ii) both the initiation and propagation steps are 
monomer dependent, so when [M]0 is decreased there is much less of an effect on the 
normalized rate of monomer consumption. Figure 3-6 shows these two cases and how the 
new experiment with different initial conditions affects monomer consumption. 
3.4.2 Collect New Data Type 
In certain cases, two mechanisms that yield similar experimental results of one type will 
give different results when a different aspect of the experiment is probed. For any given 
polymerization experiment several different data responses can be collected. These 
include monomer concentration, vinyl group concentration (both vinylidene and 
vinylene), active site concentration (both primary and secondary sites), and molecular 
weight distribution. Other species, such as H2 concentration, can be measured in cases 
where they are relevant. The potential mechanisms must be scrutinized to determine 






As an example, consider the two models described in Figure 3-6. The rate of monomer 
consumption is fairly similar for the two models at [M]0 = 1000 mM, and depending on 
exactly when the data points are collected and on experimental error, it is difficult to 
differentiate between the two. However, the difference in the initiation rate constant for 
the two models produces a much more dramatic difference in the molecular weight 
distribution response at the end of the reaction (Figure 3-7). When ki = kp but k2 is slow 
(black) the distribution is very narrow since all sites begin polymerizing at the same time. 
However, when initiation is much slower than propagation (red) the distribution becomes 
much broader since the active sites begin polymerizing over a longer time period. 
 
Furthermore, the reaction time at which data points are collected is also important. Two 
potential mechanisms may produce the same result at the end of the reaction, but they 
may be very different early on (or vice versa). Consider the following example, shown in 
Figure 3-8: two models are proposed that vary in the mechanism for vinyl group 
formation. In one mechanism (black), vinyl groups form through a monomer independent 
chain transfer reaction. In the other mechanism (red), vinyl groups form through a 
monomer dependent reaction. Note that early during the reaction the two models give 
similar vinyl concentrations (Figure 3-8a), and while the curvatures are different, both 
lines may lie within the error of a limited experimental data set. The two models only 
differ significantly after approximately 230 s. Note that at this time approximately 90% 
of the initial monomer has been consumed (Figure 3-8b). The experiment must be carried 




a different initial monomer concentration could have also been used in cases where it is 
possible to significantly vary the reactant concentrations. 
3.4.3 Additional Reactant Injections 
Another method that can help to identify a chemical mechanism is to add additional 
aliquots (or “shots”) of a reactant at some time after the beginning of the reaction. For 
instance, an additional shot of monomer given after the initial monomer has been 
consumed may either continue the growth of the polymer chains in solution, or it may 
create an additional peak in the molecular weight distribution, leaving the polymer grown 
from the initial monomer unchanged. 
 
This type of experiment is typically more useful with non-standard reactions. That is to 
say, when something unexpected occurs then this type of reaction may be helpful. As an 
example, consider incomplete catalyst participation. One reason for this phenomenon 
may be that the activator fails to completely activate the catalyst, even when excess 
activator is added. A potential experiment would be to add additional activator during the 
middle of the reaction to see if the rate of monomer consumption changes. If it did, this 
may be evidence of a more complex mechanism, wherein the activator is prevented from 
activating the catalyst early, but is free to do so later on. Such experiments were used in 
our research group to support the (as yet unpublished) hypothesis that a bimetallic 
catalyst species is present under sub-stoichiometric activator conditions with the 




3.5 Error Estimation of Rate Constants 
When reporting a chemical mechanism with rate constants, it is important to understand 
the error associated with the rate constants. There are two key sources of error when 
assigning the rate constants. These are (i) error in the experimental data, whether random 
error or measurement uncertainty, and (ii) sensitivity of the model to fluctuations in the 
rate constants. Both of these sources of error must be explored and understood in order to 
determine the correct error on the rate constant parameters. 
3.5.1 Experimental Error 
Any experimental measurement is subject to error from two sources. First, there are 
random fluctuations present in any given experiment that can cause a different outcome, 
and these fluctuations can be quantified by repeat measurements from identical 
experiments. Second, instruments used for measurement are limited by their accuracy. 
When taken together, these sources of data error will produce a range on a given data 
point. The chemical mechanism, therefore, can take on a range of rate constants and still 
manage to approximate the data within the error range. 
 
In the realm of single site olefin polymerization, measurement error is easy to determine 
as long as the accuracy of the instruments is known. A data point can be calculated from 
experimental measurements according to a function F=f(a,b,c,…), where a, b, c, … 
represent the measurements. The formula for calculating measurement error propagation, 
σF, to a data point is given in Equation 3-2, where σi is the error in the ith measurement 






































As an example, the method used to collect vinyl and active site concentration data for our 
experiments with Zr(tBu4-ONNMe2O)Bn2/B(C6F5)3 is shown in Equation 3-3, with the 
parameters and their errors given in Table 3-1.3e It is easily observed from this equation 
that there are many measurements involved in collecting a single data point, and the 
propagation of error to the final value should not be neglected. 
 
Determining random experimental error is more difficult in single-site polymerization. 
We have already observed that the fraction of catalyst participating in a polymerization 
reaction can vary from one experiment to the next and that variations can produce large 
changes to the data (Figure 3-5). Because the cause of participation variation is not 
currently understood and the amount cannot be controlled, it is not fair to directly 
compare measurements from one experiment to another. In certain limited cases—when 
the participation amount is identical for multiple experiments—the random error in a data 
point can be assessed; however, the participation amount is generally not known until 
after the modeling process has been performed. We typically observe that the 
participation amount is the same or very similar when a researcher carries out 




batches are identical and the same glassware, delivery technique, mixing time, etc. are 
used. 
3.5.2 Model Sensitivity 
A chemical mechanism is defined both by its chemical reactions and the values of its rate 
constants. In general, two mechanisms with different rate constants will produce different 
model fits. However, for some mechanisms it may take a very large change in a rate 
constant before a noticeable difference is seen in the model. In these cases the model is 
not sensitive to the rate constant being changed, and since a large range of values can 
produce the same fit the rate constant must be reported with a large error. Note that this 
type of error in the rate constant is actually related to the experimental error. The idea is 
to see how much a rate constant can be perturbed before the model is pushed out of the 
range of the data error bars, and the size of these error bars come from experimental error. 
Once data error has been established the next step is to solve the objective function that is 
used to minimize the error between the experimental data and the model. The Hessian 
matrix, which comes out of the optimization procedure, contains the error estimate. The 
optimization process is covered in more detail in Section 4.3.6. 
 
When determining model sensitivity, one consideration is that it is difficult for an 
optimization routine to fit a molecular weight distribution. The polymer distribution 
contains many important features, such as the polydispersity, the peak molecular weight, 
and the slope of both the high and low molecular weight tails. A simple minimization of 




experienced researcher can identify the discrepancies. It is useful to verify the results and 
error estimates computed through optimization by performing a visual comparison with 
the data; the calculated rates or errors may not be very good. 
 
Another consideration when determining parameter error and model sensitivity is that 
model parameters may be correlated with each other. When this is the case, the model fit 
of the data may become poor when one rate constant is perturbed, but it may remain good 
when two are perturbed together. For single-site catalysis, one common pair of correlated 
rate constants is kmis and krec. These parameters are most commonly constrained by the 
active site data (although their values affect the molecular weight distribution as well). 
Increasing kmis will increase the number of secondary active sites present, while 
increasing krec will decrease them. To some extent, both of these rate constants may be 
increased or decreased together without changing the active site fit. 
 
If available, the off-diagonal elements of the Hessian matrix will provide a measure of 
the correlation between the model parameters. Another way to gauge the correlation 
between parameters is to visually inspect several models with perturbations in pairs of 
rate constants. So while the active site measurements are not very sensitive to correlated 
perturbations in kmis and krec, the molecular weight distributions will be affected by these 
changes. 
 
The correlation between kmis and krec is further examined here as an example of how to 




the rates themselves. The correlation depends on several factors, including the initial 
monomer and precatalyst concentrations and the values of the rates themselves. A data 
set was created with a defined set of rate constants, and the model rates for kmis and krec 
were perturbed around their initial values. The new model was compared with the 
original to see what pairs of rates did and did not provide a satisfactory fit of the starting 
model, with each model being assigned a value from 0 to 1 based on how well the model 
matched the original, with 1 as a perfect fit and 0 as an unacceptable fit. 
 
One case studied was: ki = kp = 1 M–1 s–1, kmis = 0.03 M–1 s–1, krec = 0.04 M–1 s–1, [M]0 = 
1000 mM and [C]0 = 10 mM. The results are summarized in Figure 3-9a. The elongated 
shape of the contours along the kmis = krec line shows that these parameters are correlated. 
Also, the range for which the rates provide an acceptable fit is unsymmetrical, being 
larger in the positive direction. The contours change when the initial catalyst 
concentration is modified from 10 mM to 2.5 mM. In this case (not pictured here) the 
slope of the correlated rates increases, and the range of fit is about 50% larger in either 
direction. The change in slope means that changing experimental conditions could 
produce a narrower overall range of acceptable rates (only where the two overlap), 
although the effect here is small. 
 
One further case was studied: ki = kp = 1 M–1 s–1, kmis = 0.03 M–1 s–1, krec = 0.01 M–1 s–1, 
[M]0 = 1000 mM and [1]0 = 10 mM. These results are shown in Figure 3-9b. In this case, 
the range of acceptable fits is roughly unchanged in the positive direction but becomes 




fundamental shape of the molecular weight distribution changes, developing a shoulder 
that was not previously present. Therefore, even a small change in the rate produces an 
obvious error. These several examples, which highlight some of the many possible 
combinations of rates and initial experimental conditions that may be encountered, show 
that there may be no prescribed way to measure sensitivity and assign error to kmis and 
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Table 3-1. Variables and errors used to calculate vinyl and active site concentrations. 
Variable Identity Error 
PA  Area under desired NMR peak 0.005  
[ ]..SI  Concentration of internal standard 0.05 mM 
NMRV  Volume of analyzed sample after dilution 0.02 mL 
sampleV  Volume of analyzed sample before dilution 0.02 mL 
methanolV  Volume of methanol used to quench 0.02 mL 
d  Drops of toluene to fill quenching flask 1 drop 
toluened  Drops of toluene per unit volume 1 drop mL
–1 






Figure 3-1. Model plots of normalized monomer concentration versus time. Parameters: 
[M]0 = 1000 mM, [C]0 = 10 mM. (a) Linear and (b) semilog plots with k2 = 1 s–1; kp is 
given in the figure in units of M–1 s–1. (c) Linear and (d) semilog plots with kp = 1 M–1 s–1; 
k2 is given in the figure in units of s–1. 
  













































































Figure 3-2. Model plots of several data responses for the initiation-propagation reaction 
mechanism. Parameters: [M]0 = 1000 mM, [C]0 = 10 mM, kp = 1 M–1 s–1, k2 = 1 s–1. 
Black: k2,i = 1 s–1, ki given in figures; Red: ki = 1 M–1 s–1, k2,i given in figures. (a) Active 
site concentration; (b) Monomer concentration; (c) Molecular weight distributions after 
99% monomer consumption. 
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Figure 3-3. Comparison of models with differing misinsertion and recovery rate constants. 
Rate constants: kp = 1 M–1 s–1; black: kmis = krec = 0; red: kmis = 0.03 M–1 s–1, krec = 0.04 
M–1 s–1; blue: kmis = 0.03 M–1 s–1, krec = 0.01 M–1 s–1. Initial conditions: [M]0 = 1000 mM, 
[C]0 = 10 mM. (a) Monomer consumption, (b) molecular weight distributions, (c) 
primary (solid) and secondary (dashed) active site concentration. 
  




























































Figure 3-4. Comparison of models with differing chain transfer rate constants. (a) and (b) 
show second-order (monomer dependent) chain transfer, while (c) and (d) show first-
order (monomer independent) chain transfer. Rate constants: kp = 1 M–1 s–1; kct:kp is 
given in the figure (ratios in (c) and (d) are in units of M). Initial conditions: [M]0 = 1000 
mM, [C]0 = 10 mM. (a,c) molecular weight distributions at 500 s, (b,d) vinyl 
concentration. 
  
































































































Figure 3-5. Model plots demonstrating the effect on data when catalyst participation 
varies. Rate constants: kp = kre-initiation = 1 M–1 s–1, ki = 0.008 M–1 s–1, kmis = 0.05 M–1 s–1, 
krec = 0.08 M–1 s–1, kvinylidene = kvinylene = 0.001 s–1. Initial conditions: [M]0 = 1000 mM, 
[C]0 = 10 mM. Catalyst participation: black: 60%, red: 40%. (a) Monomer consumption, 
(b) molecular weight distributions, (c) vinylidene (solid) and vinylene (dashed) 
concentration, (d) primary (solid) and secondary (dashed) active site concentration. 
  













































































Figure 3-6. Models of monomer consumption for several reaction conditions. [C]0 = 10 
mM. Black: kp = 1 M–1 s–1, k2 = 0.125 s–1; Red: kp = ki = 1 M–1 s–1, k2 = 1 s–1, k2,i = 0.001 
s–1. Solid: [M]0 = 1000 mM; Dashed: [M]0 = 250 mM. 
  













Figure 3-7. Models of (a) monomer consumption and (b) endpoint molecular weight 
distributions for two reaction conditions. Reaction conditions and rate constants match 
those in Figure 3-6, with [M]0 = 1000 mM. 
  






























Figure 3-8. Two models of (a) vinyl group concentration, (b) monomer consumption and 
(c) time dependent molecular weight distributions. Initial conditions: [C]0 = 10 mM, [M]0 
= 1000 mM. Rate constants: kp = 1 M–1 s–1; Black: monomer independent chain transfer, 
kct = 0.01 s–1; Red: monomer dependent chain transfer, kct = 0.02 M–1 s–1. 
  





















































Figure 3-9. Contour plots showing the goodness of fit of two models with perturbations 
of kmis and krec. A value of 1 is a perfect fit; a value of 0 is an unacceptable fit. The 
original parameters are: ki = kp = 1 M–1 s–1, kmis = 0.03 M–1 s–1, [M]0 = 1000 mM, [1]0 = 
10 mM. (a) krec = 0.04 M–1 s–1; (b) krec = 0.01 M–1 s–1. 
 
































CHAPTER 4. KINETIC MODELING OF 1-HEXENE POLYMERIZATION 
CATALYZED BY ZR(TBU-ONNME2O)BN2/B(C6F5)3 
This chapter contains published work. It is reproduced with permission from 
Macromolecules in Volume 45, issue 12, page 4978; Copyright 2012 American Chemical 
Society. The article contains the first instance of detailed kinetic modeling on a zirconium 
bis-phenolate catalyst. The process of collecting data and identifying and validating the 
chemical mechanism is covered. 
 
The publication was a collaborative work with several other researchers at Purdue 
University. Other than myself, the authors of the paper are Nicholas Travia, D. Keith 
Steelman, Grigori Medvedev, Kendall Thomson, W. Nicholas Delgass, Mahdi Abu-Omar, 
and James Caruthers. My contributions to the paper were: 
(i) Analyze the polymer synthesized from the polymerization experiments. 
(ii) Aggregate all experimental data and identify kinetic mechanisms that 
agree with the data. 
(iii) Lead scientists in future experiments to generate data that would 
discriminate between candidate mechanisms. 







Kinetic modeling using a population balance approach has been performed in order to 
identify a mechanism and a set of rate constants that describe the batch polymerization of 
1-hexene by the homogeneous single-site catalyst Zr(tBu-ONNMe2O)Bn2 activated by 
B(C6F5)3 in toluene. The mechanism and rate constants were determined by making use 
of a multi-response data set, including (i) monomer concentration versus time for various 
initial concentrations of monomer and catalyst, (ii) the time evolution of the molecular 
weight distribution, (iii) active site concentrations versus time, and (iv) vinyl end group 
concentrations versus time. The overall mechanism requires slow chain initiation 
compared to propagation, 2,1-misinsertion and recovery, and two chain transfer 
pathways—one forming vinylidene end groups and the other forming vinylene end 
groups. The quantitative analysis of kinetic data clearly shows that a significant fraction 
of the catalyst does not participate in the chain growth process. The quantitative analysis 
is carefully detailed to provide a general procedure for kinetic model discrimination and 
the assignment of rate constants that can be used for other single-site catalysts. 
4.2 Introduction 
A polymer’s macroscopic properties are a direct consequence of its molecular 
architecture, which in turn is due to the kinetic mechanism and rate constants of the 
elementary steps of the catalytic polymerization process. Using judicious experimentation 
and quantitative analysis, precise mechanistic and kinetic information can be determined 
for single-site homogeneous catalysts. Determining the rate constants for a 




activity relationships (QSARs), which correlate kinetic parameters to catalyst structure 
and lead to catalyst design. Unfortunately, most research does not provide sufficient 
detail of the kinetic processes in single-site polymerization catalysis to unambiguously 
define the complete mechanistic picture and reliably reproduce the observed molecular 
weight distribution (MWD) of the resulting polymer. 
 
Discovery of a new polymerization catalyst is often reported along with experimental 
parameters such as activity or polymer molecular weight averages;1-9 however, this 
information has limited value for predicting the polymer’s molecular architecture, i.e. 
MWD, terminal groups, etc., at different experimental conditions. However, by 
employing additional experimental information rate constants for the different reactions 
involved in polymerization can be determined. Measuring the rate of monomer 
consumption (or alternatively, the rate of polymer production) has been used to determine 
initiation,10-13 propagation,11-16 and deactivation17,18 rate constants. Chain transfer rates 
have been obtained either from the rate of production of vinyl end groups12,19 or inferred 
from the degree of polymerization and the propagation rate.11,20,21 Direct observation of 
all catalyst species via NMR has also been used to assign rate constants.19,22 
 
A major drawback to trying to isolate the rate constants of the individual elementary steps 
is it ignores the fact that the catalytic polymerization process is an interconnection of all 
the reaction pathways, where no species is formed or consumed independently from the 
others. Fortunately, the MWD of a polymer serves as a record of the relationship between 




complexity of analyzing MWDs and other features of the polymer has hindered the full 
use of MWD information in kinetic analysis. Recently, Novstrup et al. showed how all 
relevant kinetic constants in a single-site olefin polymerization can be quantitatively 
extracted by using population balance models of the MWDs in combination with rich, 
multi-response experimental data.23 The time consuming task of developing the 
population balance models for the polymer and catalytic sites for every polymer chain 
length was dramatically accelerated by using the specially developed computational tools 
of Cao et al.24 A broad range of existing12 and new experimental data were used 
(including MWDs at various reaction times), and the kinetic rate constants were 
optimized using a Levenberg-Marquardt algorithm25 to produce the best possible 
prediction of the data. This method of quantitative analysis of multiple response kinetic 
data enables the elimination of mechanistic pathways that cannot predict the data and can 
also uncover pathways that would not have otherwise been considered. 
 
This report focuses on the use of the tools developed by Novstrup et al. 23 to determine 
the mechanism and rate constants for the polymerization of 1-hexene by a different 
single-site polymerization catalyst, Zr(tBu-ONNMe2O)Bn2/B(C6F5)3. This catalyst was first 
reported by Tshuva et al.,2,4 where polydispersity and activity were reported for the 
reaction in neat 1-hexene and 1-hexene in heptane. Here we report extensive data on the 
reaction in toluene. Experiments for which the most complete data sets (time-dependent 
MWDs, monomer consumption, end group concentration and active site concentration) 
were collected are used to obtain a kinetic mechanism and optimized kinetic parameters, 




validate the mechanism and values of the associated kinetic parameters. The process of 
mechanism determination is detailed in the expectation that it will be useful to other 
researchers in the analyses of other catalyst systems. 
4.3 Experimental Procedure 
4.3.1 General conditions 
All manipulations were performed under dry inert atmosphere in a glove box or at a 
vacuum manifold using air sensitive techniques under N2 or Ar atmosphere. Toluene and 
pentane were distilled over activated alumina and a copper catalyst using a solvent 
purification system (Anhydrous Technologies) and degassed through freeze-pump-thaw 
cycles. Both solvents were stored over activated molecular sieves. Tetrabenzylzirconium 
was purchased from STREM and used as received. The monomer 1-hexene was 
purchased from Aldrich and purified by distillation over a small amount of dimethyl 
bis(cyclopentadienyl)zirconium and stored over molecular sieves. 
Tris(pentafluorophenyl)boron was purchased from STREM and purified by sublimation. 
Diphenylmethane was purchased from Aldrich and stored over molecular sieves. CH3OD 
was purchased from Cambridge Isotopes and used as received. D8-toluene was used as 
received and stored over molecular sieves. 1H and 2H NMR experiments were performed 




4.3.2 Synthesis of 6,6'-((dimethylamino)methylazanediyl)bis(methylene)bis(2,4-di-tert-
butylphenol), tBu-ONNMe2O Ligand 
The ligand synthesis procedure is based on literature (Scheme 4-1).4,26 In a typical 
synthesis, a 30 mL reaction vessel was charged with 2,4-di-tert-butylphenol (7.62 g, 36.0 
mmol), N,N-dimethylethylenediamine (1.89 mL, 15 mmol) and 37% histological grade 
formaldehyde (3.00 mL, 36 mmol), 6.7 mL of distilled water. The biphasic reaction 
mixture was placed in a CEM microwave reactor and allowed to warm to 100 ºC over 10 
min while being stirred. The reaction mixture was allowed to stand at 100 ºC for 10 min, 
and then cooled to room temperature. The aqueous layer was removed, and cold, dry 
methanol was added to the organic phase. This mixture was shaken for 30 min, and the 
resulting solid was isolated by vacuum filtration. The crude ligand product was purified 
by crystallization from ethanol (52% yield). 
4.3.3 Synthesis of Zr(tBu-ONNMe2O)Bn2 
The catalyst synthesis procedure is based on literature.4 In a typical synthesis, a 100 mL 
flask was charged with tetrabenzylzirconium (0.9069 g, 1.97 mmol), 10 mL toluene, and 
a stir bar and fitted with a rubber septum. A second 100 mL flask was charged with the 
tBu-ONO ligand (1.0443 g, 1.99 mmol). The two flasks were placed under an inert 
atmosphere, and the ligand solution was added to the tetrabenzylzirconium solution via a 
cannula. The reaction mixture was allowed to warm to 65 ºC and stir for 4 h, resulting in 
a bright yellow solution. The reaction mixture was then allowed to stand at room 
temperature for 48 h to yield large yellow crystals (1.14 g). By 1H NMR analysis the 




a toluene solution of Zr(tBu-ONNMe2O)Bn2 afforded an analytically pure complex (75% 
yield). 
4.3.4 Batch polymerization of 1-hexene 
The procedure for manual quench is based on literature.12 For a typical polymerization, 
Zr(tBu-ONNMe2O)Bn2 (0.5772 g, 0.750 mmol) was dissolved in 25 mL of toluene. Three 
5 mL aliquots from this solution were each placed in small vials and sealed with a screw-
cap septum. Each vial containing the catalyst precursor solution was pierced with a 20 
mL syringe. The vial and syringe were placed in an N2 bag and allowed to equilibrate to 
25 ºC. Tris(pentafluorophenyl)boron (0.3382 g, 0.661 mmol), and 1-hexene (5.0493 g, 
60.0 mmol) were added to a 100 mL volumetric flask and diluted to the mark with 
toluene. A 1 mL aliquot of this solution was removed for quantification of the initial 
monomer concentration through NMR analysis. A 25 mL aliquot of this solution was 
placed in a 50 mL flask which was sealed with a septum and moved from an N2 filled 
glovebox to a vacuum manifold and placed under argon. The monomer/activator solution 
was allowed to equilibrate to 25 ºC using a temperature-controlled silicone oil bath. The 
catalyst precursor solution was added to the activator/monomer solution by piercing the 
septum while the syringe remained in the N2 bag. The resulting yellow solution was 
allowed to stir while aliquots were removed at selected times and each was injected into a 
10 mL volumetric flask containing 1 mL of deutero-methanol. Each prepared solution 
contained a 1:5 mixture of d8-toluene:toluene for locking the NMR spectrometer. A 1 mL 
aliquot from the quenched solutions was removed and spiked with diphenylmethane as an 




prepared for GPC analysis by evaporation over mild heat before dissolution in hexane 
and filtration through an alumina plug to remove the quenched catalyst. Evaporation of 
solvent yielded clear, colorless poly(1-hexene).  
 
For vinyl/end group analysis, a 1 mL aliquot was worked up as described above. The 
resulting polymer was dissolved in CDCl3, and diluted to the mark in a 2 mL volumetric 
flask. Diphenylmethane was used as an internal standard and the method of standard 
additions was used for quantification of the end groups by 1H NMR. All end-group 
analysis measurements were taken on a Bruker DRX500 spectrometer at 25 ºC. 
 
In the case of 2H NMR analysis for the active-site count, the remaining quenched reaction 
solution (8 mL) was worked up as described above. The resulting polymer was dissolved 
in CH2Cl2, and diluted to the mark in a 2 mL volumetric flask. D6-benzene was used as 
an internal standard, and the method of standard additions was employed in 
quantification of active sites by 2H NMR. All active site measurements were taken on a 
Bruker DRX500 spectrometer at 25 ºC. 
4.3.5 Gel permeation chromatography (GPC) analysis 
The procedure used to analyze polymer samples using GPC methods was taken from 
Novstrup et al.,23 and it is summarized below. Poly(1-hexene) samples were added to 
tetrahydrofuran at room temperature and allowed to dissolve for 4 h. Solutions were then 
passed through a 0.2 μm filter to remove any particulate matter. The GPC analysis was 




and a capillary viscometer. Samples were injected through a 101.3 μL injection loop and 
passed through two Polymer Laboratories PLGel 5 μm Mixed-C columns in series in a 
45 °C oven at a flow rate of 1.0 mL min–1. The samples then passed through the detectors. 
Molecular weights were assigned by way of a universal calibration curve created with 
polystyrene standards ranging from 580 g mol–1 to 3,114,000 g mol–1. The calibration 
was verified through the analysis of a broad standard, SRM 706a, provided by the 
National Institute of Standards and Technology. 
4.3.6 Kinetic Modeling 
The kinetic behavior of the polymerization system was modeled using a population 
balance approach as described in Novstrup et al.23 The time evolution of the 
concentration of all species in a given reaction scheme was modeled via mass-action 
kinetics described by ordinary differential equations (ODEs), resulting in a large, coupled 
set of nonlinear ODEs. The number of equations is a function of the complexity of the 
kinetic mechanism and the maximum polymer chain length expected. In this work, each 
kinetic model contained roughly 5000 equations. These equations were automatically 
generated using a domain specific compiler that uses a near English language input of the 
kinetic mechanism,27 and the algebraic structure was dramatically simplified using a 
special equation compiler also developed by Cao et al.,24 which greatly reduces the 






The objective function for optimization was: 


























θ   
where iky  is a single data point, ikyˆ  is the model predicted value, iσ  is the 
experimentally measured standard deviation of data response i  (i.e. this assumes that the 
data error is homoscedastic), responsesm  is the number of data responses, that is, the number 
of individual sets of experimental measurements, collected, and in  is the number of data 
points in data response i . The quantity iw  is a weighting factor assigned by the 
researcher, and it is used to quantify the relative importance of a particular data set (e.g. 
the researcher may choose to emphasize the MWD more heavily). Once a specific micro-
kinetic model had been specified, a Levenberg-Marquardt algorithm25 was used to 
determine the rate constants that minimized the objective function. 
4.4 Results 
A number of experiments were performed to analyze 1-hexene polymerization by Zr(tBu-
ONNMe2O)Bn2/B(C6F5)3. Some polymerizations were performed on an NMR scale and 
provided monomer consumption data. The data were then used to design subsequent 
higher yield batch reactions. The batch polymerization reactions allowed for aliquots to 
be collected and quenched during the experiment, which enabled MWD determination by 
GPC and additional characterization. The data collected from these intermediate time 
points proved to be valuable for the process of mechanism discrimination and 





Before rate constants can be assigned, a particular kinetic mechanism needs to be 
postulated. While the number of potential mechanisms is limited only by the researcher’s 
imagination, many of these can be eliminated readily by showing that they fail to 
qualitatively predict the data. Of the several models that do fit the data, the simplest 
model (with fewest number of reaction pathways) will be chosen on the premise that the 
model should not be made more complex than needed (i.e. Occam’s razor). A major 
purpose of this paper is to illustrate this kinetic mechanism identification procedure, 
using as a case study the polymerization of 1-hexene by Zr(tBu-ONNMe2O)Bn2/B(C6F5)3. 
4.4.1 Step 1: Qualitative Examination of Data and Initial Mechanism Postulate 
The process of identifying an appropriate mechanism begins with the identification of the 
key species. Qualitative examination of the data in Figure 4-1 and Figure 4-2 for 
polymerization of 1-hexene by Zr(tBu-ONNMe2O)Bn2 activated by B(C6F5)3 in toluene at 
25 °C results in the following observations and conclusions. 
(i) In the 2H NMR experiment (Figure 4-1) both primary and secondary 
zirconium alkyls were identified. The secondary site concentration 
eventually begins to decrease. It is inferred that both normal insertion and 
2,1-misinsertion occur. 
(ii) In the 1H NMR experiment (Figure 4-1) chains with both vinylidene 
(H2C=CRR′) end groups and vinylene (HRC=CHR′) end groups were 
identified. Vinylidene appears to form linearly with time, implying that 
their formation does not depend on the monomer concentration. It is not 




independent. A potential mechanism for the formation of vinylidene 
terminated chains is the unimolecular chain transfer of a primary (i.e. 
normally inserted) zirconium alkyl. Vinylene terminated chains may 
potentially be formed from either the unimolecular chain transfer of a 
secondary (i.e. misinserted) zirconium alkyl or a bimolecular reaction 
between a secondary site and a monomer.  
(iii) The monomer consumption data at a lower monomer to catalyst (M:C) 
ratio of 6:1 display an induction period (Figure 4-2), whereas the data at a 
high M:C ratio (100:1) do not have a visible induction period (Figure 4-1). 
Based upon our experience in simulating single-site polymerization 
reactions, the combination of these two observations is characteristic of a 
situation where ki is between 50 to 100 times slower than kp. 
 
Scheme 4-2, shown below, is the simplest mechanism that can account for all of the 
observations described in Step 1 and shown in Figure 4-1. Several comments are in order. 
First, the pathway denoted by krec, recovery following 2,1-misinsertion, has been 
included, although there is no single species that demands its presence in the mechanism. 
Rather, the recovery step has been included because precise qualitative and quantitative 
modeling of the MWDs clearly indicates that this mechanistic step is needed (see 
Discussion and Supporting Information). Second, the kre-initiation rate process was included 
in the mechanism to account for the difference between the principal monomer insertion 
into a Zr-benzyl bond and monomer insertion following chain transfer, which involves a 




(independent of monomer concentration), it is not immediately clear if vinylene 
formation depends on monomer concentration. Scheme 4-2 assumes kvinylene is a first 
order rate constant that does not depend on the monomer concentration. Finally, this 
mechanism, which is the simplest mechanism that provides a qualitative fit of the data, 
contains eight rate constants. While a model with eight parameters may seem overly 
complex, the qualitative nature of the data requires this level of complexity. 
 
Before applying Scheme 4-2 to kinetic analysis, however, the following important 
observation is made. When the primary and secondary active site concentrations are 
summed (see Figure 4-1), their total concentration is only 45% of the concentration of 
pre-catalyst initially introduced into the reaction. Thus an additional parameter is added 
to those in Scheme 4-2 that represents the fraction of pre-catalyst that actually 
participates in the reaction as the catalyst. 
4.4.2 Step 2: Determination of Kinetic Mechanism 
Based upon the information from Step 1, (i) a number of mechanisms are postulated, (ii) 
a full kinetic model is developed using a chemical compiler, (iii) the model simulation is 
run for a range of kinetic constants, where the researcher now learns the various 
predictive features of the model, and (iv) the model predictions are qualitatively 
compared to the experimental data, which include monomer consumption versus time, 
end group and active site concentrations at related times, and the time evolution of the 
MWDs. The key question to be addressed: can a particular model qualitatively describe 




qualitative features of a candidate model can be fully evaluated in several days or less. 
Mechanisms that do not predict the qualitative features of the data are rejected, while 
those that can predict the data persist as candidate models. 
 
The process of mechanism determination is the most important step in the analysis of 
multi-response kinetic data and involves multiple iterations between Steps 1 and 2. 
Because Step 2 involves solving a large number of ODEs, it is helpful to make use of a 
tool that decreases the calculation time. The chemical compiler has been demonstrated to 
be an effective tool at quickly generating the ODEs for a given mechanism in the context 
of single-site catalysis,23,24 and it allows the rapid assessment of the different postulates 
of a number of kinetic mechanisms. By this method, several kinetic models may be 
evaluated in a single day, enabling the critical analysis of a number of competing 
mechanisms. Using the chemical compiler and the data shown in Figure 4-1 and Figure 
4-2, the mechanism given in Scheme 4-2 was determined to be the simplest kinetic 
mechanism consistent with the data. The alternative to Scheme 4-2, where vinylene 
formation is monomer dependent, was also considered as a potential model for the 
catalytic system. The model was nearly as good as Scheme 4-2 at predicting the data; 
however, the prediction of the secondary active site data in Figure 4-1 was poorer. While 
it cannot be strictly ruled out, it is less preferable to Scheme 4-1. In either case, the other 




4.4.3 Step 3: Rate Constant Optimization 
Once a mechanism has been identified as having the necessary qualitative features to 
describe the data, the next step is to quantitatively fit all the data for the remaining 
candidate mechanisms. Any mechanism that lacks the ability to quantitatively fit the data 
is rejected. 
 
Experiments were performed at several different sets of initial catalyst, activator, and 
monomer concentrations. The model in Scheme 4-2 was quantitatively fit to a portion of 
the experimental data in order to determine values of the rate constants. The optimization 
set contains batch scale experiments at 5.0 mM catalyst, 5.5 mM activator, and 500 mM 
monomer in toluene at 25 °C and was chosen because it is the most complete data set and 
was done in triplicate. These data are summarized in Figure 4-1. See the Supporting 
Information for the explanation of how the error bars shown in Figure 4-1 were 
determined. The remaining data were used to validate the mechanism and the values of 
the rate constants. This was done by predicting the experimental results with the rate 
constants optimized in the first part of the procedure. The only parameter that is allowed 
to vary in predicting the data from the second set is the fraction of pre-catalyst that is 
active in the experiment. 
 
The reaction mechanism of Scheme 4-2 is described by a large set of ODEs associated 
with mass action kinetics for each of the individual steps in the mechanism given in 
Scheme 4-2 (see Supporting Information). All kinetic parameters, which include the rate 




through the same techniques described by Novstrup et al.23 The objective function 
(Equation 1-1) is the sum of squares error between the data and the model predictions. 
Each data response may be further weighted to give increased preference to a particular 
experiment. 
 
It is up to the researcher to specify the relative contribution to the overall error function 
of the various data sets, e.g. is the importance of the MWD equal to that of the monomer 
consumption, should all MWDs be weighted the same, etc. These choices are fully up to 
the researcher. Since the MWDs represent the distribution of polymers of all lengths, the 
MWDs serve as an accurate record of both chain growth and chain transfer events. The 
shape of a distribution, specifically the slopes of the high and low molecular weight tails, 
is the most important feature for model discrimination—much more so than the 
molecular weight average. Our experience indicates that giving higher weight during 
optimization to the MWD at 65 s (i.e. approximately 60% monomer conversion) and to 
both of the active site data sets produces more accurate model predictions (see 
Supporting Information). 
 
When performing optimization using a nonlinear model, two important considerations 
apply:  
(i) The proposed mechanism must faithfully represent the behavior of the 
catalytic system. The objective function can be minimized using an 
incorrect kinetic mechanism, although the resulting model prediction will 




the data can usually eliminate poor model predictions. After parameter 
optimization is performed, the Hessian matrix of the objective function is 
computed, where the diagonal elements in the matrix are inversely 
proportional to the standard error of that particular parameter. Initial 
parameter guesses must be carefully chosen, and a procedure for doing so 
is outlined in the Supporting Information. When just one or two 
parameters have a large standard error, it does not necessarily signify that 
the overall model is incorrect, but the inclusion of the specific reaction 
pathways in the model should be vetted. 
 
Using the procedure described in the previous paragraph, optimized 
parameters were calculated for each of the three repeated data sets from 
Figure 4-1. The standard errors of the parameters are given in Table 4-1 as 
percentages of the optimized value for each trial. The errors in the 
parameters are generally quite small, showing the significant effect of 
each parameter on the model, and supporting the hypothesis that Scheme 
4-2 can predict the data given the right set of rate constants. The possible 
exception is the recovery step in Scheme 4-2 as given by krec, which has a 
standard error up to 17% of its optimized value.  
(ii) The quality (i.e. signal-to-noise ratio) and richness/diversity of the data 
should allow robust determination of the values of all the parameters/rate 
constants of the model. For instance, if no experiment is performed to 




determined reliably, and the lack of discriminating data would appear as 
large standard errors in Table 4-1.  
 
Now that Scheme 4-2—with the addition of a parameter that renders a fraction of the 
catalyst inactive—has been shown as capable of representing the behavior of the catalyst 
being studied, the optimized kinetic parameters for each of the three repeats as well as the 
average values are reported in Table 4-2. This model produces the good fit shown in 
Figure 4-1. 
 
As can be seen in Figure 4-1, the model predicts a temporary dip in the primary active 
site concentration after an initial increase. This effect warrants a brief explanation. At the 
start of the experiment, primary sites are created through initiation. The concentration of 
primary sites is the driving force for the creation of secondary sites; thus, after an 
appreciable amount of primary sites are present the secondary sites begin to form. This 
process consumes primary sites and can eventually lead to a decrease in primary site 
concentration depending on the specific rate constants. Meanwhile, secondary site 
concentration is the driving force for both vinylene chain transfer and recovery. Both of 
these pathways also lead to primary site formation and, depending on the specific rate 
constants, can actually cause the primary active site concentration to increase as the 
secondary concentration decreases. The interplay of the reaction pathways and specific 
parameter values leads to behavior that is complex, yet mechanistically sound, as 





Two rate constants from Scheme 4-2, ka and kre-initiation, were not included in the 
parameter optimization because the data from these experiments do not allow for 
determination of these rate constants. Both rates are assumed to occur sufficiently fast 
that their effect on the measured data is unnoticeable. For more detail, see the Supporting 
Information. 
4.4.4 Step 4: Validation Experiments 
If correct, the mechanism from Scheme 4-2 with the average rate constants from Table 
4-2 should be able to predict the behavior of the additional experiments at the same 
temperature for different initial catalyst and monomer concentrations. These additional 
experiments are used to validate the kinetic model that has been developed. 
 
Shown in Figure 4-3 are the data for an experiment performed at the same initial 
concentrations as the data already analyzed: 5.0 mM catalyst, 5.5 mM activator, and 500 
mM monomer. The rate of monomer consumption in Figure 4-3 was found to be 
approximately 50% faster than what is seen in Figure 4-1. The experimental results are 
consistent with the same kinetic parameters reported of Table 4-2 with the exception of 
the fraction of active catalyst, which has an optimum value of 67% rather than 46% as 
determined for the data shown in Figure 4-1. Additional experiments with the same initial 
concentrations are shown in the Supporting Information. While none of these additional 
data sets are as complete as the set shown in Figure 4-1, all can be predicted using the 





The experiment with a low M:C ratio discussed earlier (Figure 4-2) is also accurately 
described by Scheme 4-2. When the rate constants from Table 4-2 are used and the 
fraction of catalyst participation is optimized to fit this data set, the model demonstrates a 
good fit to the data in Figure 4-4 when 70% of the catalyst is involved. The data can also 
be fit by optimizing ki while keeping all other parameters (including the active catalyst 
fraction) fixed. However, this will not improve the model prediction, which is already 
satisfactory. The rate constant values given in Table 4-2, including ki, are therefore 
further supported by these data. 
 
The experimental MWD shown in Figure 4-4b is narrower than the MWD predicted by 
the model. This is to be expected for a low molecular weight sample such as the one 
produced here with a low M:C ratio. Specifically, the separation columns are calibrated 
starting at MW = 580 g mol–1, which is about 2.8 on the logarithmic scale of the figure; 
thus, polyhexene (with a repeat unit weight of 84 g mol–1) must have at least seven 
monomers before it can be resolved by the GPC. While the model predicts shorter chains, 
they cannot be accurately resolved by GPC using the current set of columns. The areas 
under MWDs are always normalized; consequently, when a significant low MW portion 
is missing the high MW part of the distribution is also misrepresented. Therefore, the 
MWD in this specific case was not given any weight during the parameter optimization; 
however, there is qualitative agreement between data and simulation insomuch as the 





A number of experiments were performed at M:C ratios of approximately 200:1 at the 
same temperature as the earlier experiments (i.e. 25 °C). Figure 4-5 shows data from an 
experiment where the pre-catalyst concentration is 2.5 mM, and the monomer 
concentration is 500 mM. The model uses the parameters from Table 4-2 except for the 
fraction of active catalyst, which is optimized against the data set. For the first 70% of 
monomer conversion there is excellent agreement between the data and the model when 
the active site fraction is equal to 40%. The inconsistency at 480 s (about 90% monomer 
conversion) is attributed to deactivation of the catalyst, possibly through the introduction 
of O2, during the physical process of sample collection at 200 s (about 70% monomer 
conversion). 
 
Data for an experiment using 5.0 mM catalyst and 1000 mM monomer are reported in 
Figure 4-6, along with their prediction using Scheme 4-2. The rate constants from Table 
4-2 provide a reasonable fit of the data; however, the fraction of catalyst participating in 
the reaction was optimized to 22%, or about half of what has been seen for most of the 
earlier systems. If the monomer consumption curve for this experiment is compared with 
that in Figure 4-5, it can be seen that they nearly overlay each other, suggesting that the 
actual amount of catalyst participating in both these experiments is equal. Since the pre-
catalyst concentration is two times larger in the Figure 4-6 experiment, it can be expected 





Additional experiments performed at a M:C ratio of 200:1 are reported in the Supporting 
Information. The mechanism and rate constants from Table 4-2 are again shown to be in 
good agreement with the data within the confidence interval for each parameter. The 
fraction of catalyst participating in these reactions was found to vary from 37% to 45%, 
depending on the experiment. 
4.5 Discussion 
A comprehensive analysis of the polymerization of 1-hexene by Zr(tBu-
ONNMe2O)Bn2/B(C6F5)3 in toluene has been developed. The key feature of this analysis is 
the quantitative comparison of various postulated detailed kinetic mechanisms to a rich, 
multi-response data set that has sufficient experimental information to discriminate 
between alternative polymerization mechanisms. Since the time evolution of the 
molecular weight distribution with end group analysis is a faithful recording of the 
history of the interplay between the various steps in the overall polymerization process, a 
complex reaction mechanism can be deciphered as long as (i) the postulated mechanisms 
are faithfully and completely simulated and (ii) the data set is sufficiently diverse. The 
difficulty in using this approach is the complexity of formulating the differential 
equations for mass action kinetics of all reaction species; however, the development of 
special purpose chemical compilers have made this a facile task, meaning a researcher 
can formulate and solve a complex mechanism in just hours. The approach of using an 
extensive data set over multiple initial concentrations is in contrast to the use of limited 
experiments (e.g. measure monomer consumption for the first 10% of the reaction) that 




inter-related reaction scheme like that shown in Scheme 4-2. The approach reported in 
this report uses these limited experiments, but also gains full value for the data that are 
outside of these limiting regimes. The analysis in this communication provides a general 
approach for modeling other single site polymerization processes that will enable 
researchers to extract maximum information from their data. 
 
A major goal of this work was to develop a systematic method as illustrated in Scheme 
4-3 by which the multi-response kinetic data can be quantitatively analyzed. First a 
kinetic mechanism that is consistent with the data must be developed, where all species 
identified by experiment should be accounted for, and monomer dependence of the 
reactions should be assigned if possible. The simplest possible mechanism should be 
adopted. Then the amount of catalyst participating in the reaction should be assessed via 
active site counting experiments, noting whether a significant fraction of the catalyst 
species appears to be inactive. Once initial parameter values are assigned, parameter 
optimization can be performed, with adjustments made to the weighting of each data set 
as deemed necessary. If no adequate set of parameters can be found, an alternate 
mechanism should be considered, keeping in mind the deficiencies of the old mechanism 
and avoiding the addition of more parameters than are necessary (Occam’s razor). 
Additional experiments may be needed because data at one set of initial conditions may 






This methodology of quantitative analysis of a multi-response data set was used to study 
the polymerization of 1-hexene by Zr(tBu-ONNMe2O)Bn2/B(C6F5)3. The data demonstrate 
the need for a mechanism that includes slow initiation, monomer misinsertion and 
recovery, and monomer-independent chain transfer of both primary and secondary Zr-
polymer chains as shown in Scheme 4-2. In addition, upon quantitative analysis the data 
clearly show that only a fraction of the catalyst participates in the reaction, and the 
fraction can change from reaction mixture to reaction mixture. While the reason for 
partial catalyst participation has not been identified, it is clear that single-site catalysts are 
susceptible to having only a fraction of the catalyst active, and it should never be 
assumed that the pre-catalyst concentration equals the catalyst concentration during the 
experiment unless it has been supported through active site counting and GPC 
characterization. The procedure described in this paper provides a description of the type 
of rich experimental and quantitative kinetic analysis that must be performed in order to 
determine the correct polymerization mechanism and the associated rate constants. 
 
Different methods have been used to measure the number of active sites, including the 
reaction of the active site with a species to be detected by NMR28-31 (thus quenching the 
reaction) and direct measurement through rapid injection32-35 or stopped-flow19,36-38 NMR. 
Moscato et al. provide an elegant methodology where the initiation group is replaced by a 
chromophore, and initiation events are quantified by GPC analysis with a UV detector39 
(although the change in the initiating group may affect ki). However, since the identity of 
the agent or the reaction path that causes incomplete catalyst participation is unknown, it 




next, even when initial concentrations are reproduced. Thus, any set of data that will be 
used to calculate rate constants must include a measurement of active sites. 
 
The validation data clearly show that the mechanism in Scheme 2 and rate constants in 
Table 4-2 can model the catalyst system of study so long as the fraction of active catalyst 
is allowed to vary from one experiment to the next. Lest it be construed that having a 
fraction of the catalyst essentially dead is simply due to poor experimental techniques, it 
should be noted that this effect is not limited to this research team or to this catalyst. 
Although not explicitly stated, the detailed NMR results for 1-hexene polymerization by 
using the EBIZrMe2/B(C6F5)3 catalyst reported by Christianson et al. in a recent 
publication19 can account for only between 52% to 80% of the pre-catalyst in their 
experiments, with an average amount of 65%. Novstrup et al. reported a similar result for 
the same catalyst.23 These data, which come from multiple research groups, when 
combined with those of this work for a different catalyst system, suggest that single-site 
catalysts are susceptible to some factor that renders a significant portion of the catalyst 
inactive. However, even if one maintains that the effect is simply due to an impurity that 
kills a fraction of the catalyst, the kinetic rate constants can still be robustly determined 
so long as the data set is diverse enough to quantify this fraction. These rate constants 
will still allow predictions of the experimental results for the case when 100% of the 
catalyst is active. 
 
While the reason for partial catalyst participation remains unknown, there are several 




complete and rapid in the absence of monomer (see Supporting Information). The 
fraction does not seem to vary proportionally with initial concentrations. In fact, the data 
in Figure 4-1 and Figure 4-3 represent two repeats with the same initial concentrations of 
catalyst, activator, and monomer, yet are described by catalyst participation fractions that 
differ by about 50%. The effect is seen in the initial data points; thus, it cannot come 
from the introduction of a catalyst poison when analysis aliquots are withdrawn. While 
this effect is present in other catalyst systems, the reason it occurs may not be the same. 
 
While it has been assumed that the reason for low active site concentrations is fractional 
catalyst participation, it has not been shown that a certain set of rate constants cannot 
predict the data without this assumption. Specifically, active catalyst sites are measured 
during the experiment by quenching an aliquot with deutero-methanol. Due to the 
workup procedure in counting deutero-terminated polymer chains, only non-volatile 
polymer chains are accounted for. Short chains composed of three or fewer monomers as 
well as any catalyst without a growing chain would be missing. A detailed analysis, 
which is provided in the Supporting Information, concludes that the active site data 
cannot be modeled simultaneously with the remaining data while still insisting that 100% 
of the catalyst participates in the polymerization. 
 
The model prediction is, of course, not a perfect match to the data. It is important to try to 
understand where and why such differences between the model and data occur. In Figure 
4-1 and Figure 4-3, the largest apparent discrepancies between the data and the model 




weights of the model and data are nearly identical, but the model predicts a larger amount 
of low MW polymer than the data. This difference is likely due to error in the analysis of 
the polymer by GPC as discussed recently by Novstrup et al.23 One important message 
from that work is that considerable noise in the viscometer signal develops when 
log(MW) is less than 3.7 for this particular chromatography apparatus, while higher MW 
signals are much more reliable. Alternative separation columns can improve the low MW 
signal, however the column set here was chosen to ensure good separation of the higher 
MW region of the polymer. Because the MWD is a normalized curve, an error that 
manifests as increased mass at low molecular weights will cause a secondary error by 
decreasing the high MW mass, although the peak MW will not shift. This interpretation is 
consistent with the data in Figure 4-1 and could explain why the distribution predictions 
at the lowest MW are not as steep as the data while the distribution predictions at higher 
MW are better. 
 
The uncertainty among all parameters is not uniform. As shown in Table 4-1 the shape of 
the model prediction is more sensitive to changes in some parameters (such as kp) than to 
others (such as krec); specifically, it takes a large change to a parameter such as krec to 
effect an appreciable change in the model and to account for random error in the data. 
The result is that the confidence intervals in Table 4-2 are larger for parameters with 
large standard errors as reported in Table 4-1. In the case of krec, a confidence interval of 
over 100% of the parameter value is reported. However, this rate constant does not 
strongly influence the outcome of the data; thus a factor of 2 in the uncertainty of the rate 




error in krec indicates that it should not be included in the mechanism at all. The 
Supporting Information shows that excluding the recovery step results in the incorrect 
prediction of the MWDs. Therefore, although the data reported do not enable the accurate 
determination of krec, the data clearly require the presence of the step in the kinetic 
mechanism. 
 
The one abnormality found when comparing the error values in Table 4-1 and the 
confidence intervals of Table 4-2 is that while the initiation rate constant has a relatively 
small standard error, the confidence interval is relatively large. Small changes in ki have a 
visible effect on the model prediction of the data, specifically on the shape of the early 
portion of the active site data, and so a relatively low standard error for the parameter is 
expected. However, the accuracy of these data is such that the value of ki can vary by 
several times the standard error amount and still produce a satisfactory model fit within 
the error limits. By examining Figure 4-1, the difference between the red model fit 
(higher ki) and the green and blue model fits (lower ki) can clearly be seen, yet all three 
fits pass through the error bars of all three data sets. Hence, the data can accommodate a 
large variation in ki even though this causes a noticeable change in the model prediction. 
4.6 Conclusions 
A population balance approach was used in conjunction with a diverse data set including 
monomer consumption, time evolution of the molecular weight distribution, active site 
counting and end group analysis to develop an integrated kinetic mechanism for the 




characterized by slow ki:kp ratio, monomer misinsertion and recovery, and two chain 
transfer pathways. Ultimately, the importance of quantitative modeling and rate constant 
determination is that they constitute the initial necessary step in understanding how 
catalyst structure affects each of the rate constants that define the polymerization catalyst. 
For instance, comparison with the (EBI)ZrMe2/B(C6F5)3 catalyst system, which has also 
been described by a rich data set and quantitative modeling,12,23 reveals that while the 
ki:kp ratio is similar, the most significant difference is the absence of secondary catalyst 
sites in the bridged indenyl system, suggesting that some structural or electronic feature 
that differs between these catalysts controls the rate of vinylene formation. These 
comparisons can only be made between systems for which a rich, multi-response data set, 
in which the MWD is a pivotal piece, is obtained and accurately modeled. As reliable and 
complete sets of rate constants emerge for different catalysts, development of QSARs 
will become possible. The ultimate goal of QSARs is to enable better catalyst design in 
which predictive changes to specific rate constants can be made. 
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Scheme 4-2. Mechanism for the polymerization of 1-hexene by Zr(tBu-












Table 4-1. Standard error of parameters as percentages of the optimized values. 
Experimental Trial 1 (red) 2 (green) 3 (blue) 
kp 0.54% 0.58% 0.47% 
kmis 4.0% 3.6% 3.4% 
krec 10% 15% 17% 
kvinylidene 2.2% 2.2% 1.8% 
kvinylene 3.2% 2.6% 3.0% 
ki 3.4% 2.9% 2.4% 












(blue) Averageb % Confidencec 
kp (M–1 s–1) 11.68 11.44 11.32 11.48 ±0.45 4% 
kmis (M–1 s–1) 0.063 0.052 0.050 0.055 ±0.017 32% 
krec (M–1 s–1) 0.061 0.033 0.030 0.041 ±0.043 105% 
kvinylidene (s–1) 0.0132 0.0107 0.0128 0.0122 ±0.0033 27% 
kvinylene (s–1) 0.0083 0.0093 0.0086 0.0087 ±0.0013 15% 
ki (M–1 s–1) 0.19 0.15 0.13 0.16 ±0.08 49% 
frac. of active catalyst 0.453 0.457 0.477 0.462 ±0.033 7% 
a kre-initiation was fixed at 20 M–1 s–1. b Uncertainty represents a 95% confidence interval 






Figure 4-1. Data and model predictions for three repeats (red, green, blue) of 1-hexene 
polymerization by Zr(tBu-ONNMe2O)Bn2/B(C6F5)3 system with [cat]0 = 5.0 mM, [act]0 = 
5.5 mM, and [1-hexene]0 = 500 mM at 25 °C. (a–c) MWD data (black) and model 
predictions with rates equal to the values in Table 4-2 (color). The MWD curves 
correspond to the points in the monomer consumption figure and represent approximately 
▬▬30 s, ▬ ▬68 s, and |||||160 s. (d) Monomer consumption. (e) Vinyl concentration. 
Filled circles and solid lines represent vinylidene end groups; open circles and dashed 
lines represent vinylene end groups. (f) Active site concentration. Filled circles and solid 






Figure 4-2. Data for Zr(tBu-ONNMe2O)Bn2/B(C6F5)3 system with [cat]0 = 5.0 mM. [act]0 = 
5.5 mM, [1-hexene]0 = 31 mM at 25 °C. The red line represents a simple three-parameter 






Figure 4-3. Model prediction of an additional data set at [cat]0 = 5.0 mM, [act]0 = 5.5 mM, 
[1-hexene]0 = 500 mM, and 25 °C. Red represents a model prediction with parameters 
equal to the average values in Table 4-2, but with the percent of catalyst participation = 
67.2%. (a) The MWD curves represent ▬▬15 s, ▬ ▬30 s, and |||||150 s. (b) Monomer 
consumption. (c) Active site concentration. Filled circles and solid lines represent 






Figure 4-4. Model predictions of the data in Figure 4-2. Red represents a model where all 
rate constants are equal to the average values in Table 4-2, but with the percent of 






Figure 4-5. Model prediction of an additional data set at [cat]0 = 2.5 mM, [act]0 = 2.8 mM, 
[1-hexene]0 = 500 mM, and 25 °C. Red represents a model where all parameters are equal 
to the average values in Table 4-2, but with the percent of catalyst participation = 39.0%. 
(a) MWD curves correspond to ▬▬68 s, ▬ ▬195 s, and |||||478 s. (b) Monomer 
consumption. (c) Vinyl concentration. Filled circles and solid lines represent vinylidene 
end groups; open circles and dashed lines represent vinylene end groups. (d) Active site 
concentration. Filled circles and solid lines represent primary C–Zr; open circles and 






Figure 4-6. Model prediction of an additional data set at [cat]0 = 5.0 mM, [act]0 = 5.5 mM, 
[1-hexene]0 = 1000 mM, and 25 °C. Red represents a model where all parameters are 
equal to the average values in Table 4-2, but with the percent of catalyst participation = 




CHAPTER 5. EFFECTS OF PENDANT LIGAND BINDING AFFINITY ON CHAIN 
TRANSFER FOR 1-HEXENE POLYMERIZATION CATALYZED BY SINGLE-
SITE ZIRCONIUM AMINE BIS-PHENOLATE COMPLEXES  
This chapter contains published work. It is reproduced with permission from the Journal 
of the American Chemical Society in Volume 135, issue 16, page 6280; Copyright 2013 
American Chemical Society. The article summarizes kinetic modeling results for a series 
of five zirconium bis-phenolate catalysts and identifies descriptor-kinetic relationships by 
comparing the results. 
 
The publication was a collaborative work with several other researchers at Purdue 
University. Other than myself, the authors of the paper are D. Keith Steelman, Silei 
Xiong, Paul Pletcher, Erin Smith, Grigori Medvedev, W. Nicholas Delgass, James 
Caruthers, and Mahdi Abu-Omar. My contributions to the paper were: 
(i) Perform polymer analysis for data generated with the NMe2 and SMe 
pendant catalysts. 
(ii) For these catalysts, identify kinetic mechanisms that agree with the data. 
(iii) Direct future experiments to generate data that would discriminate 
between candidate mechanisms. 






The kinetics of 1-hexene polymerization using a family of five zirconium amine bis-
phenolate catalysts, Zr[tBu-ONXO]Bn2 (where X = THF (1), pyridine (2), NMe2 (3), 
furan (4), and SMe (5)), has been investigated to uncover the mechanistic effect of 
varying the pendant ligand X. A model-based approach using a diverse set of data 
including monomer consumption, evolution of molecular weight, and end-group analysis 
was employed to determine each of the reaction specific rate constants involved in a 
given polymerization process. The mechanism of polymerization for 1−5 was similar and 
the necessary elementary reaction steps included initiation, normal propagation, 
misinsertion, recovery from misinsertion, and chain transfer. The latter reaction, chain 
transfer, featured monomer independent β-H elimination in 1−3 and monomer dependent 
β-H transfer in 4 and 5. Of all the rate constants, those for chain transfer showed the most 
variation, spanning 2 orders of magnitude (ca. (0.1−10) × 10–3 s−1 for vinylidene and 
(0.5−87) × 10−4 s−1 for vinylene). A quantitative structure−activity relationship was 
uncovered between the logarithm of the chain transfer rate constants and the Zr−X bond 
distance for catalysts 1−3. However, this trend is broken once the Zr−X bond distance 
elongates further, as is the case for catalysts 4 and 5, which operate primarily through a 
different mechanistic pathway. These findings underscore the importance of 
comprehensive kinetic modeling using a diverse set of multiresponse data, enabling the 
determination of robust kinetic constants and reaction mechanisms of catalytic olefin 





Production of polyolefins is a major industrial process with a current capacity of ca. 110 
billion kg per year globally.1 While polyolefins are primarily produced using 
heterogeneous Ziegler catalysts, homogeneous single-site catalysts, the so-called 
metallocenes, have attracted attention because they offer potential control of the various 
kinetic steps, which in turn can be manipulated by “catalyst design”.2−4 One of the 
drawbacks of metallocenes, beside sensitivity to polar functional groups, is their thermal 
sensitivity. Beyond metallocenes, the next generation of thermally stable catalysts 
includes group 4 coordination complexes featuring phenolate amine ligands.5 While high-
throughput screening has accelerated the discovery process with group 4 coordination 
complexes leading to Dow’s catalysts for olefin block copolymer synthesis,6 the promise 
of directly correlating kinetic constants to descriptors of the catalyst has not yet been 
realized. A major obstacle in the way of rational catalyst design is the lack of proper 
quantitative kinetic analysis of all the relevant processes (i.e., kinetic steps) that are 
involved in catalytic olefin polymerization.7,8 Nevertheless, the study of single-site 
catalysts for olefin polymerization is particularly attractive because of the potential of 
correlating directly the physical properties of the resulting polymer to structural features 
of the catalyst based on first principles.9 This correlation allows one to draw conclusions 
on how a catalyst structure may be manipulated to yield specific polymeric architectures. 
 
One specific family of nonmetallocene catalysts, first pioneered by Kol and co-workers, 
that has sparked interest utilizes an amine bis-phenolate (Salan) ligand system (see Figure 




kinetic studies is the relative ease of synthesis and the ability to tune the catalyst’s 
coordination environment.12 Furthermore, these catalysts exhibit high activity, 
comparable to metallocene catalysts, with 1-hexene in conventional organic solvents such 
as toluene. This feature enables the collection of kinetic data in the condensed phase and 
eliminates mass transfer limitations that are inherent with gaseous substrates. Following 
up on Kol’s earlier qualitative observations that the nature of the pendant ligand (X) and 
its distance from the metal center (Zr−X) influence chain transfer,13 we have undertaken a 
comprehensive kinetic study of the five catalysts shown in Figure 5-1. We will show in 
the following sections the minimally required set of rate constants needed to describe 
completely the rich data set for each catalyst including the molecular weight evolution. 
The rate constant affected the most by changing the pendant ligand (X) is that for chain 
transfer that results in vinyl terminated polymer. Four chemical mechanisms have been 
noted for chain transfer in single-site homogeneous olefin polymerization catalysts. 
Normally chain transfer occurs via β-H elimination to give vinylidene terminated 
polymer chains. This process is independent of monomer concentration and the resulting 
metal hydride undergoes reinitiation. If the catalyst is susceptible to 2,1-misinsertion 
(which results in regio-errors), the resulting polymeryl chain can undergo unimolecular β-
H elimination to give vinylene terminated polymer chains.14 In some cases for propylene, 
a second mechanism has been recognized in which β-methyl instead of β-H elimination 
occurs to give M-CH3, which can reinitiate by inserting a monomer.15 It should be noted 
that ethyl or higher alkane elimination has not been observed. A third mechanism is 
second-order chain transfer in which vinylidene and vinylene end groups result from H-




order and the rate is dependent on the monomer concentration. The last recognized 
chemical mechanism for chain transfer is that to the activator. This is usually a minor 
pathway observed with aluminum alkyl activators, although exceptions where it is 
dominant have been noted in the literature.16 
 
Suppression of chain transfer while maintaining a high propagation rate can provide easy 
access to new block copolymers via controlled sequential addition of monomer.17 
Therefore, quantitative understanding of factors that control the rate of chain transfer 
exclusively is valuable from a fundamental standpoint as well as for practical applications. 
In semiquantitative studies, two parameters, catalyst activity (TOF or g polymer mol−1 
catalyst h−1) that is taken as indicative of the propagation rate constant and the molecular 
weight average of the resulting polymer (Mw), have been used to infer how catalyst 
structure influences the chain transfer rate. The consensus from these studies pointed to 
steric bulk as the major contributor to retardation of chain transfer as long as there is a 
weakly coordinating ligand or an available coordination site for monomer docking.18 
Bercaw and coworkers observed that the use of a more open metal center leads to faster 
propagation by allowing more space for a more facile monomer insertion and an increase 
in the propensity for β-H elimination due to more available space to accommodate the β-
H agostic bonding interactions necessary for β-H elimination.19 This empirical insight has 
been responsible for the development of late transition metal catalysts based on Fe, Co, 
and Ni that can effect ethylene polymerization rather than producing oligomers.18 Ziegler 
and co-workers performed a detailed computational study of ethylene polymerization 




transfer is strongly influenced by sterically bulky ligands and, to some degree, the 
identity of the metal. They also observed that, for the systems studied, β-H transfer to 
monomer, a second-order chain transfer process, is preferred over β-H elimination, 
except when monomer concentration is small or when monomer coordination to the metal 
is severely hindered. This observation was used successfully by Busico and co-workers to 
design catalysts that were shown experimentally to have hindered chain transfer 
reactions.21 In addition, Camacho and Guan have attributed the steric blocks present in 
their cyclophane-based nickel catalyst to its ability to polymerize olefins even at high 
temperatures where chain transfer typically dominates,22 and Rieger and co-workers have 
used sterically hindered nickel and palladium catalysts to produce high molecular weight 
polyethylene rather than α-olefin oligomers.23 
 
Earlier work by Doi and co-workers showed that for V(acac)3−Al(C2H5)2Cl the identity 
of the alkylaluminum cocatalyst influences the amount of chain transfer.24 Later work by 
Naga and Mizunuma showed similar activator effects on the amount of chain transfer 
using zirconium metallocenes, with an additional observation that the β-H chain transfer 
pathway was preferred with one alkylaluminum activator while chain transfer to activator 
was dominant with another.25 More recently, Marks and co-workers have studied the 
effects of ion pair structure and dynamics on polymerization activity, stereoselectivity, 
and chain transfer in Cs-symmetric zirconium metallocene precatalysts using various 
fluorinated aryl borane and aluminum activators.26 They found that ion pairing dictates 





In this study, we describe a detailed kinetic analysis for catalysts 1−5, culminating in 
Table 5-1, which contains all of the rate constants for each system. The following 
sections will discuss observations and trends that only become apparent through the 
generation and examination of the full kinetic constants presented in Table 5-1. These 
kinetic constants represent the minimal number of necessary reaction steps needed to 
describe the entire data set for each of the catalysts, which includes monomer 
consumption kinetics, molecular weight evolution as determined by GPC (gel permeation 
chromatography), active-site count, and analysis of terminated end groups in the resulting 
polymer. The mechanism of chain transfer and its corresponding rate constants as the 
pendant ligand (X) changes have been pinpointed. A linear quantitative structure−activity 
relationship (QSAR) between the logarithm of the chain transfer rate constant and the 
Zr−X bond length will be shown and discussed. 
5.3 Experimental Procedures  
5.3.1 General Procedure. 
All manipulations were performed under dry inert atmosphere in a glovebox or at a 
vacuum manifold using air sensitive techniques under N2 or Ar atmosphere. Toluene and 
pentane were distilled over activated alumina and a copper catalyst using a solvent 
purification system (Anhydrous Technologies) and degassed through freeze−pump−thaw 
cycles. Both solvents were stored over activated molecular sieves. Tetrabenzylzirconium 
was purchased from STREM and used as received. The monomer 1-hexene was 
purchased from Aldrich and purified by distillation over a small amount of dimethyl 




Tris(pentafluorophenyl)boron was purchased from STREM and purified by sublimation. 
Diphenylmethane was purchased from Aldrich and stored over molecular sieves. CH3OD 
was purchased from Cambridge Isotopes and used as received. d8-Toluene was used as 
received and stored over molecular sieves. 1H and 2H NMR experiments were performed 
on a Varian INOVA600 MHz or Bruker DRX500 MHz spectrometer. 
 
The ligands and precatalysts (1−5) were prepared following modified literature 
procedures.12,27,28 We describe herein the details for one representative procedure and 
provide the others in the Supporting Information. 
5.3.2 Synthesis of 6,6′-((((Tetrahydrofuran-2-yl)methyl)-
azanediyl)bis(methylene))bis(2,4-di-tert-butylphenol), tBu-ONTHFO ligand. 
In a typical synthesis, an 80 mL reaction vessel was charged with 2,4-di-tert-butylphenol 
(6.19 g, 30.0 mmol), 2-(aminomethyl)tetrahydrofuran (1.55 mL, 15 mmol), and 37% 
histological grade formaldehyde (6.00 mL, 80 mmol), distilled water, and a stir bar while 
maintaining a maximum volume of 80 mL. The biphasic reaction mixture was placed in a 
CEM microwave reactor and allowed to warm to 100 °C over 5 min while stirring. The 
reaction was allowed to stand at 100 °C for 30 min, and then cooled to room temperature. 
The aqueous layer was removed, and cold, dry methanol was added to the organic phase. 
This mixture was shaken for 30 min, and the resulting solid isolated by vacuum filtration. 




5.3.3 Synthesis of Zr[tBu-ONTHFO]Bn2 (1). 
In a typical synthesis, a 100 mL flask was charged with tetrabenzylzirconium (0.557 g, 
1.22 mmol), 20 mL toluene, and a stir bar and fitted with a rubber septum. A second 100 
mL flask was charged with the tBu-ONTHFO ligand (0.609 g, 1.13 mmol) and 20 mL of 
toluene. The two flasks were placed under an inert atmosphere, and the ligand solution 
was added to the tetrabenzylzirconium solution via a cannula. The reaction was allowed 
to warm to 60 °C and stir for 2 h resulting in a bright yellow solution. The solution was 
concentrated to about 10 mL and placed into a −10 °C freezer. Yellow crystals formed 
within 2 days and the mother liquor was removed via a cannula. The crystals were dried 
under vacuum (84% yield). The precatalyst was recrystallized by vapor diffusion of 
pentane into a precatalyst/toluene solution to afford an analyticallypure complex. 
5.3.4 NMR Scale Polymerization of 1-Hexene. 
The procedure for NMR scale polymerization is based on the literature.29 For a typical 
polymerization, Zr[tBu-ONTHFO]Bn2 (1) (6.1 mg, 0.0075 mmol) was dissolved in 0.5 mL 
toluene in a small vial and sealed with a screw-cap septum. The vial containing the 
precatalyst solution was pierced with a 1 mL syringe. The vial and syringe were placed in 
an N2 bag and allowed to equilibrate to 25 °C. Tris(pentafluorophenyl)boron (4.3 mg, 
0.0084 mmol), 1-hexene (0.1265 g, 1.50 mmol), and diphenylmethane (9.5 mg 0.056 
mmol) were added to a 2 mL volumetric flask and diluted to the mark with d8-toluene. 
This solution was placed in an NMR tube and sealed with a septum. The 
monomer/activator solution was placed in the spectrometer and allowed to equilibrate to 




concentration of monomer relative to the internal standard. The NMR tube was removed 
from the spectrometer, and the catalyst precursor solution was added to the 
activator/monomer solution by piercing the septum while the syringe remained in the N2 
bag. The reaction mixture was shaken for ca. 30 s and placed back into the spectrometer. 
Spectra were acquired at predetermined time intervals until the reaction reached 
completion. Each sample was prepared for GPC analysis by evaporation over mild heat 
before dissolution in hexanes and filtration through an alumina plug to remove the 
quenched catalyst. Evaporation of solvent yielded clear, colorless poly(1-hexene). The 
array of 1H spectra was collected on an INOVA 600 MHz spectrometer and analyzed 
using MestReNova. 
5.3.5 Batch Polymerization of 1-Hexene 
The procedure for Manual Quench is based on literature.30 For a typical polymerization, 
Zr[tBu-ONTHFO]Bn2 (0.073 g, 0.090 mmol) was dissolved in 5.0 mL toluene in a small 
vial that was sealed with a screw-cap septum. The vial containing the precatalyst solution 
was pierced with a 10 mL syringe. The vial and syringe were placed in an N2 bag and 
allowed to equilibrate to 25 °C. Tris(pentafluorophenyl)boron (0.053 g, 0.099 mmol), and 
1-hexene (1.575 g, 18.71 mmol) were added to a 25 mL flask and diluted to the mark 
with toluene. This solution was diluted to 26 mL with 1 mL of toluene, and 1 mL of the 
resulting solution was removed for quantification of the initial monomer concentration 
through NMR analysis. The flask was sealed with a septum and moved from an N2 filled 
glovebox to a vacuum manifold and placed under argon. The monomer/activator solution 




catalyst precursor solution was added to the activator/monomer solution by piercing the 
septum while the syringe remained in the N2 bag. The resulting yellow solution was 
allowed to stir while aliquots were removed at selected times and each was injected into a 
10 mL volumetric flask containing 1 mL of deutero-methanol. A 1 mL aliquot from the 
quenched solutions was removed and a 0.5 mL solution of dtoluene spiked with 
diphenylmethane as an internal standard for quantification of 1-hexene consumption (via 
1H NMR on Varian Inova 600). Each sample was prepared for GPC analysis by 
evaporation over mild heat before dissolution in hexanes and filtration through an 
alumina plug to remove the quenched catalyst. Evaporation of solvent yielded clear, 
colorless poly(1-hexene). 
 
In the case of vinyl end group analysis, a 1 mL aliquot was worked up as described above. 
The resulting polymer was dissolved in CDCl3, and diluted to the mark in a 2 mL 
volumetric flask. Diphenylmethane was used as an internal standard and the method of 
standard additions was used in quantification of the end groups by 1H NMR. All 
endgroup analysis measurements were taken on a Bruker DRX500 spectrometer at 25 °C. 
In the case of 2H analysis for active-site counting, the remaining quenched reaction 
solution (8 mL) was worked up as described above. The resulting polymer was dissolved 
in CH2Cl2, and diluted to the mark in a 2 mL volumetric flask. d6-Benzene was used as 
an internal standard and the method of standard additions was used in quantification of 
active sites by 2H NMR. All active site measurements were taken on a Bruker DRX500 




5.3.6 Gel Permeation Chromatography (GPC) Analysis 
The procedure used to analyze polymer samples using GPC methods was taken from 
Novstrup et al.,7 and it is summarized below. Poly(1-hexene) samples were added to THF 
at room temperature and allowed to dissolve for 4 h. Solutions were then passed through 
a 0.2 μm filter to remove any particulate matter. The GPC analysis was performed on a 
Waters GPCV 2000 for system 1 and 3, and on a Viscotek GPCmax VE 2001 for system 
2, 4, and 5. On the Waters GPCV 2000, samples were injected through a 101.3 μL 
injection loop and passed through two Polymer Laboratories PLGel 5 μm Mixed-C 
columns in series in a 45 °C oven at a flow rate of 1.0 mL min−1. On Viscotek GPCmax 
VE 2001, samples were injected through a 200 μL injection loop and passed through 
three Viscotek T6000 M 10 μm General Mixed Org columns in series in a 35 °C oven at 
a flow rate of 1.0 mL min−1. The analysis made use of the differential RI detector and a 
capillary viscometer. Molecular weights were assigned by way of a universal calibration 
curve created with polystyrene standards ranging from 580 g mol−1 to 3 114 000 g mol−1. 
The calibration was verified through the analysis of a broad standard, SRM 706a, 
provided by the National Institute of Standards and Technology. 
5.4 Results 
Here we present a complete kinetic analysis for 1-hexene polymerization by catalysts 1−5. 
In approaching each system, we followed our previously developed kinetic modeling 
method7,29 based on the analysis of multiresponse data that includes GPC traces where we 
did not make any a priori assumptions about the elementary reaction steps taking place. 




emerged that all five systems described herein follow a similar kinetic mechanism 
including initiation, propagation via normal insertion, 2,1-misinsertion, recovery from 
misinsertion, and two types of chain transfer resulting in the formation of vinylidene and 
vinylene species. The kinetic steps are illustrated in Scheme 5-1. The activation step is 
fast on the time scale of polymerization and as a result was not used in the kinetic 
modeling. Chain transfer resulting in vinylidene and vinylene follows either unimolecular 
(monomer independent) β-H elimination or bimolecular β-H transfer to monomer. 
Examining the available data, the reasons for the mechanism above (Scheme 5-1) are as 
follows: 
(i) Misinsertion (kmis) and recovery (krec) are necessary because of the 
following: 
1. We observe two types of chains attached to the active sites 
(primary and secondary) in active-site counting experiments with 
MeOD quenches (2H NMR of isolated polymer gives δ 0.83 
(DH2C−Polymer) and 1.22 (DH(Bu)C−Polymer). 
2. When analyzing the produced polymer, there are two types of 
vinyl end groups observed: one with a terminal double bond at the 
end of the chain (vinylidene), and another with an internal double 
bond inside the chain (vinylene). We believe, in agreement with 





3. The secondary sites (Zr-CH(Bu)−Polymer) do not accumulate over 
time. We assume this is the case because they are able to recover 
via normal 1-hexene insertion. 
4. Although there is an alternative explanation for points 1 through 3, 
namely, that there are two different sites growing separately, it is 
expected that such a mechanism would at least under some 
experimental conditions produce bimodal MWD. The fact that 
none of the five systems exhibit a bimodal MWD and all yield 
narrow PDI values strongly suggests that these systems are single-
site catalysts. 
(ii) Chain transfer reactions are necessary because we observe polymer chains 
with vinyl end groups. It should be noted that there are two possible 
mechanisms through monomer dependent and monomer independent 
pathways. The monomer dependent pathway (β-H transfer to monomer) 
results in an active site with one repeat unit, while the monomer 
independent pathway (β-H elimination) results in the formation of a 
zirconium hydride. There is an ongoing discussion in the literature 
whether the insertion of a monomer in the zirconium hydride, i.e., 
reinitiation (kreinitiation) is facile or hindered as compared to the normal 
initiation (ki) for a given catalyst system.31 If the rate constant of 
reinitiation (kreinitiation) of the zirconium hydride is slow, it effectively 
renders affected catalyst sites inactive, which in turn has an effect on the 




result the value of the reinitiation rate constant (kreinitiation) can be 
determined. On the other hand, when the rate constant of the reinitiation of 
zirconium hydride is fast, the data are usually not sensitive enough to 
determine its value precisely, similarly to how the data are not sensitive 
enough to determine the normal initiation rate when it is not significantly 
slower than the propagation rate. In practice we have set the reinitiation 
rate to be equal to the propagation rate in cases when the reinitiation rate is 
determined to be fast. 
 
An important caveat is that the catalyst participation for each system may vary and not be 
100%. The catalyst participation can be estimated from the active site counting 
experiments (quench with MeOD followed by 2H NMR analysis of polymer chains). Also, 
for the systems where the chain transfer is low (catalysts 1 and 5) the catalyst 
participation is readily estimated from the slope of Mw vs conversion plot, which is 
linear in these cases. When applicable, these two methods give consistent results. The 
catalyst participation information for 1−5 is provided in the Supporting Information. 
 
For each system we simultaneously fit the following: (1) monomer consumption, (2) 
MWD, (3) active site counts, and (4) end group counts. The data set usually includes 
several initial conditions of different [C]0 (C = precatalyst/B(C6F5)3) and [M]0 (M = 1-
hexene). For some conditions, multiple repeats were carried out, and the results were 
consistent when small variation in active-site catalyst participation was accounted for; 




In determining error margins of the estimates for the six rate constants for each catalyst 
system (see Scheme 5-1), the following considerations apply: (1) the experimental data 
has an inherent error resulting from the measurement procedure. Specifically, the NMR 
spectrum is characterized by the uncertainty of roughly 5% for the peak integration; the 
GPC trace is characterized by the uncertainty of the weight average, Mw, of 
approximately 3%, where the uncertainty in the shape of the distribution is more difficult 
to ascertain (see discussion in reference 29). However, these estimates are based on the 
best experimental conditions, such sufficient concentration of the species of interest in 
the case of NMR, which holds for the monomer concentration. (2) In the case of the 
active sites and vinyl end group analyses, the concentrations are relatively low, causing 
the uncertainty to increase. Three separate measurements were performed for each 
sample, where the concentration varied slightly from measurement to measurement. The 
standard deviation calculated on the basis of these three measurements is compared to the 
inherent NMR integration error, and the larger error is chosen. (3) In the case of the GPC 
measurements, repeat runs result in minimal scatter such that the GPC curves appear 
overlapping. This, however, should not be taken as an actual estimate of the experimental 
error, since the error in the GPC measurements may be systematic rather than random 
due to various reasons described in the literature.29 Instead, we assumed that the potential 
error in the GPC outputs caused by the uncertainty in the dn/dc values, interdetector time, 
and so forth, amounts to at most a 10% up or down shift of each slice molecular weight 
and hence the shift of the entire MWD. (This actually translates in the −0.05/+0.04 shifts 




determined to cause the largest uncertainty in the rate constants, and therefore this 
method was used to generate the uncertainty reported in this paper. 
 
In the rest of this section we provide first the detailed analysis including fits to the data 
for each catalyst system, and then a summary of all the rate constants in Table 5-1. 
5.4.1 Zr-THF Catalyst 1. 
The experimental data along with the kinetic modeling fits are presented in Figure 5-2. 
The specific features of this system are (1) very few chain transfer events and (2) catalyst 
participation is around 50%. 
5.4.2 Zr-Pyridine Catalyst 2. 
The experimental data along with the kinetic modeling fits are presented in Figure 5-3. 
The specific features of this system are (1) catalyst participation around 50%, (2) 
initiation is fast, i.e., no more than 40 times slower than propagation, and (3) the 
monomer consumption, i.e., the logarithm of the normalized monomer concentration vs 
time (Figure 5-3a), appears bent downward. The explanation for this effect is that the 
overall rate of consumption is controlled by the primary sites, while the secondary sites 
are dormant. The exit from the secondary sites can happen via two pathways: (1) 
recovery by normal monomer insertion and (2) monomer independent chain transfer 
resulting in an activated catalyst ready to initiate a new chain and start consuming 
monomers. Toward the end of the reaction, when the monomer concentration becomes 
low, the rate of misinsertion slows down but the second recovery pathway (chain transfer) 




increases and the number of secondary sites decreases (Figure 5-3c), producing the 
apparent acceleration of monomer consumption. 
5.4.3 Zr-NMe2 Catalyst 3 
The data and model fits for this catalyst have been published in a previous article.29 The 
specific features of this system are as follows: (1) Catalyst participation is generally 
around 45%, although the exact value varied from 20% to 60% depending on the 
experiment. (2) Initiation is roughly 70 times slower than propagation. (3) Chain transfer 
occurred moderately frequently, with both vinylidene and vinylene end groups detected. 
The data suggest that monomer independent pathways, β-H elimination, lead to both 
types of observed vinyl end groups. (4) The error estimation in the referenced work29 was 
calculated via a different method than the one used here. For consistency, the current 
method has been applied to the data to produce error estimates for the rate constants 
shown in Table 5-1. The error estimation is based on the error from the GPC 
measurement. 
5.4.4 Zr-Furan Catalyst 4 
The experimental data along with the kinetic modeling fits are presented in Figure 5-4. 
The specific features of this system are as follows: (1) Catalyst participation is around 
50%. (2) Initiation is slow, evidenced by the apparent induction period on the monomer 
consumption curve (Figure 5-4a). (3) Chain transfer reactions are monomer dependent, β-
H transfer to monomer, supported by the following arguments: (a) under different initial 
catalyst and monomer concentrations, the MWD does not change significantly (Figure 




conversion during most of the reaction is linear. These two features indicate that the ratio 
of the chain transfer rate to the propagation rate is a constant independent of the initial 
concentrations, and that monomer dependent chain transfer reactions control the MW in 
this system. (4) There is a continuous increase in the end group counts when the batch 
system is allowed to run overnight after the monomer has already been fully consumed 
(Figure 5-4d). It is, hence, concluded that monomer independent chain transfer reaction 
must take place when there is no monomer, and this chain transfer reaction most likely 
arises from normal insertion. As mentioned before, this type of chain transfer results in 
formation of zirconium hydride. However, in order to model the monomer consumption 
data for this catalyst system, it is necessary for the reinitiation rate constant to be zero, 
which effectively creates a deactivation pathway that is responsible for the bending 
observed in the monomer consumption curve (Figure 5-4a) and the drop in primary site 
count (Figure 5-4c). It is known that, for some systems, the reinitiation rate is slow for 
metal hydride.31 (5) Given that the primary active site count drops and the secondary 
active sites accumulate, we believe there is no recovery from misinsertion in this system 
(kreinitiation ∼ 0). 
5.4.5 Zr-SMe Catalyst 5 
The experimental data along with the kinetic modeling fits are presented in Figure 5-5. 
The specific features of this system are as follows: (1) Secondary Zr-polymer sites (Zr-
CH(Bu)-Polymer) resulting from misinsertion dominate over primary active-sites (Zr-
CH2-Polymer). The model-based explanation is that the kmis/kp ratio is high while krec/kp 




sites are roughly equal to primary sites. (2) Vinylene end groups, which are formed from 
chain transfer of secondary sites, are more abundant than vinylidene end groups. This is 
because of the higher concentration of secondary sites rather than a larger kvinylene rate 
constant. (3) Vinyl groups form via chain transfer to monomer, affording second-order 
rate constants. The data, however, is not definitive, and a first-order reaction (β-H 
elimination) cannot be definitively ruled out. In either case, the vinyl concentrations are 
relatively small, and the effect of the chain transfer rate constants on the responses other 
than the vinyl end group analysis data (e.g., the MWDs) is small. (4) The total active site 
concentration (primary plus secondary) decreases over the course of the reaction. In 
addition, the monomer consumption slows late in the reaction. These behaviors imply a 
first-order (in catalyst) deactivation reaction. The deactivation rate constant is 
approximately half of the initiation rate constant, with the result that the total active site 
concentration remains low throughout the reaction. (5) While 100% of the catalyst is 
available to initiate (in contrast to the other systems where only a fraction participates), 
no more than about one-third (ca. 33%) of the zirconium active sites contain a growing 
polymer chain at any given time. 
5.5 Discussion 
In this study, the complete set of kinetic rate constants for five zirconium amine bis-
phenolate catalyst systems have been presented. For each system, a rich data set 
including MWD has been collected and successfully fitted by comprehensive kinetic 




of the following elementary reaction steps: initiation, normal propagation, misinsertion, 
recovery, and chain transfer. The values of the rate constants are shown in Table 5-1. 
 
In the first row in Table 5-1, the Zr−X bond distance as determined by single crystal X-
ray crystallography is shown for each catalyst precursor.10,11,13 Catalysts 1−5 are 
characterized by a progressively longer Zr−X bond distance. From examination of the 
data given in Table 5-1, the chain transfer reaction rates (chain transfer following normal 
insertion, kvinylidene, and chain transfer following misinsertion, kvinylene) for systems 
1, 2, and 3 are monomer independent, whereas, for systems 4 and 5, the predominant 
chain transfer reactions are monomer dependent. We speculate that once a certain Zr−X 
bond distance has been reached, there is enough steric freedom to accommodate 
monomer dependent chain transfer processes as is the case for systems 4 and 5. As shown 
in Figure 5-4d (see caption), when left overnight, system 4 shows an increase in chain 
transfer products even after all available monomer has been consumed within 1 h 
suggesting that there is some amount of monomer independent chain transfer (β-H 
elimination) events taking place. It follows that although monomer dependent chain 
transfer is the preferred pathway for systems containing a longer Zr−X bond distance, the 
possibility of monomer independent chain transfer events remains. 
 
While the literature has ample support from empirical observations and semiquantitative 
measurements that steric constraints of the ligand contribute significantly to chain 
transfer rates and the mechanism by which chain transfer occurs, i.e., unimolecular β-H 




constants and illustrate at what point a crossover in the chain transfer mechanism occurs. 
An important point that should not be passed over lightly is that in the analysis of systems 
1−5 the chain transfer rate constants presented in this work are not obtained just by 
analysis of vinyl end groups in isolation from all the other rate constants that are pertinent 
to the catalytic cycle, but rather the full suite of rate constants describing the entire data 
set for each of the catalyst systems. It is only when this level of quantitative analysis has 
been employed that one can make definitive QSAR describing how catalyst structure 
affects properties of the resulting polymer. For example, often in the literature 
observation of changes in Mw is taken as a direct measure of chain transfer rates as long 
as activity (TOF) of the catalysts under study remained comparable.5,18 The assumption 
in such comparisons is that TOF is a direct measure of kp and that all other constants did 
not change. By applying our quantitative analysis methods such assumptions and pitfalls 
that arise from comparing activities rather than rate constants can be eliminated. 
 
A close examination of the unimolecular (β-H elimination) chain transfer rate constants 
kvinylidene and kvinylene for systems 1, 2, and 3 revealed a very intriguing trend. There 
appears to be a direct correlation between the length of the Zr−X bond distance and 
kvinylidene and kvinylene (Figure 5-6). Remarkably, the logarithms of both chain transfer rate 
constants appear to depend linearly on the aforementioned bond length. It can be 
speculated that this increase in bond distance allows for more steric freedom to 
accommodate the β-hydride agostic interaction necessary for chain transfer to occur, 
causing an increase in kvinylidene and kvinylene for catalysts 1, 2, and 3. This 




the rate constants at constant temperature, is linearly related to the Zr−X bond length at 
least for the three systems investigated. Although kvinylidene is always larger than kvinylene, 
as seen in Figure 5-6, both rate constants are affected in a similar way by the increase of 
the Zr−X bond length as evidenced by their similar slopes. 
 
Marks and co-workers have probed the effects of using different activators in Zr-based 
metallocene systems and showed that ion pairing does modulate chain transfer among 
other rates of polymerization and stereodefects.26 The work presented in this study has 
been able to elucidate the role variations have on the rates of chain transfer in a way that 
can be quantified in terms of the simple Zr−X bond distance. The QSAR presented in 
Figure 5-6 is useful because it establishes a relationship for this catalyst family that is 
based on robust rate constants rather than a relative trend or estimated ordering of rates 
that represents a composite of elementary reaction steps. Of course, robustly establishing 
a QSAR model will require the analysis of more systems than just the five reported in this 
paper; however, these results are the start toward developing a fundamental 
understanding of the relationship between chemical structure and catalytic activity. 
 
However, in systems 4 and 5 the further increase in the Zr−X bond length does not result 
in the expected increase in vinyl terminated chains, breaking the aforementioned trend 
and, moreover, leads to a different chain transfer mechanism: a monomer dependent β-H 
transfer. To illustrate that this change in the trend is quite significant, we show in Figure 
5-7 the predicted vinyl concentrations for system 4 when it is assumed that the trend 




0.063 s−1 are obtained by extrapolating linearly to the Zr−X bond length for system 4, 
which is 2.69 Ǻ. The predicted vinylidene concentration is more than 1 order of 
magnitude higher than the measured experimental value at the end of the reaction. It 
should be noted that the monomer independent chain transfer is not eliminated 
completely. As mentioned above, when system 4 was allowed to run for 12 h after the 
monomer had been consumed an increase in vinyl concentrations was detected. 
 
In the above, we attributed the emergence of the monomer dependent chain transfer 
mechanism in systems 4 and 5 to increased steric freedom availed by greater Zr−X bond 
distance. While this may explain the greater ease with which monomer can coordinate to 
effect chain transfer, it by itself does not explain why the monomer independent reaction 
should become hindered. We speculate that once the Zr−X distance is large enough (or 
alternatively the pendent zirconium interaction is weak enough), some other agent, most 
likely the counterion, may occupy the spot thereby precluding the β-H agostic bond from 
forming.26 
 
Catalyst 5 also exhibits monomer dependent chain transfer with fairly low rate constants. 
This result is less surprising than that of system 4 as the sulfur atom of the pendant group 
in 5 is significantly different than the second row pendant ligand atoms (N or O) in 1−4 
according to HSAB theory. It is speculated that this effect accounts for the mechanistic 





The rest of the rate constants shown in Table 5-1 do not seem to exhibit clear trends with 
respect to Zr−X bond length. Specifically, kp is large for systems 1, 3, and 5, and several 
times lower for catalysts 2 and 4. This effect alludes to the fact that other catalyst 
descriptors, i.e., electronic effects, derived from the sp2 nature of the donor, are perhaps 
responsible.10 
 
Rate constants for misinsertion (kmis) are similar for systems 1, 2, and 3, whereas in the 
case of 4, kmis is an order of magnitude slower. For system 5, kmis is an order of 
magnitude faster. It stands to reason that the longer Zr−X bond distance would allow for 
more steric freedom for the misinsertion of monomer resulting in an increased 
misinsertion rate. However, this line of logic fails to describe catalyst 4, which appears, 
yet again, to be an outlier. 
 
Rate of recovery from misinsertion (krec) is similar for systems 1, 2, 3, and 5. For system 
4, krec is zero within the uncertainty of the kinetic analysis. This suggests that the 
recovery rate for these systems is not governed by sterics. 
 
As discussed in the literature,10,11 these catalysts produce atactic poly(1-hexene); so, it is 
not clear if the change in the nature of the pendant effects the degree of tacticity in the 





A comprehensive kinetic study of five catalytic systems based on Zr amine bis-phenolate 
complexes has been completed, and the relevant rate constants and elementary reaction 
steps were robustly determined for each system. The mechanism includes initiation, 
normal propagation, misinsertion, recovery, and chain transfer. The most significant 
finding was an apparent correlation between the zirconium pendant ligand (Zr−X) bond 
distance and the rate constants of chain transfer. Specifically, for catalysts 1−3, the 
logarithm of the chain transfer rate constants (kvinylidene and kvinylene) increase linearly with 
the Zr−X bond distance. Once a certain Zr−X bond distance is reached, the chain transfer 
mechanism changes from monomer independent β-H elimination to monomer dependent 
β-H transfer (to monomer), as observed for systems 4 and 5. This study has also shown 
that, with the exception of 4, the rate of misinsertion (kmis) increases for a longer Zr−X 
bond distance, which is most likely due to an increase in the steric freedom allowing for 
an increase in misinsertion events, regio errors. 
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Scheme 5-1. Elementary Kinetic Steps Used in Fitting the Data for Catalysts 1−5a 
 
a The ordinary differential equations (ODEs) that describe the mass-action kinetics 





Table 5-1. Rate Constants for 1-Hexene Polymerization with the Zr[tBu-
ONXO]Bn2/B(C6F5)3 Catalysts 1−5.a 
X THF (1) Pyridine (2) NMe2 (3) Furan (4) SMeb (5) 
Zr−X 
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a In toluene at 25 °C. See Figure 5-1 for precatalyst structures and Scheme 5-1 for 
reactions steps. Errors are in parentheses. b In toluene at 22 °C. c A value of zero means 






Figure 5-1. 1-Hexene polymerization catalyzed by zirconium salan-type catalysts 1−5 






Figure 5-2. Multiresponse data set with fits for Zr[tBu-ONTHFO]Bn2/B(C6F5)3 catalyst 1. 
(A) Monomer consumption of selected NMR scale reactions having catalyst to monomer 
ratios of 1:100 (red, [C]0 = 3.0 mM, [M]0 = 0.30 M), 1:200 (green, [C]0 = 3.0 mM, [M]0 = 
0.60 M), and 1:400 (blue, [C]0 = 1.5 mM, [M]0 = 0.60 M). Symbols are data; solid lines 
are modeling fits. (B) MWDs of the polymer resulting from the reactions shown in (A). 
Solid curves are data, dashed curves are fits. (C) Active site counts of selected batch scale 
reaction with three quenches using MeOD at different reaction times. [C]0 = 3.0 mM, 
[M]0 = 0.60 M. Black symbols: primary active-site count; blue symbols: secondary 
active-site count. Solid curves are modeling fits. (D) Vinyl analyses of selected batch 
scale reaction with three quenches at different reaction time. [C]0 = 3.0 mM, [M]0 = 0.60 
M. Black symbols: vinylidene count; blue symbols: vinylene count. Lines represent 






Figure 5-3. Multiresponse data set with fits for Zr[tBu-ONPyO]Bn2/B(C6F5)3 catalyst 2. 
(A) Monomer consumption of selected NMR scale reactions having catalyst to monomer 
ratios of 1:100 (red, [C]0 = 3.0 mM, [M]0 = 0.30 M), and 1:200 (green, [C]0 = 3.0 mM, 
[M]0 = 0.60 M). Symbols are data; solid lines are modeling fits. (B) MWDs of the 
polymer resulting from the reactions shown in (A). Solid curves are data; dashed curves 
are fits. (C) Active site counts from three selected NMR scale reactions. Each reaction is 
quenched using MeOD at different reaction time. [C]0 = 3.0 mM; [M]0 = 0.60 M. Black 
symbols: primary active-site count; blue symbols: secondary active-site count. Solid 
curves are modeling fits. (D) Vinyl analyses of three selected NMR scale reactions 
quenched at different reaction time. [C]0 = 3.0 mM; [M]0 = 0.60 M. Black symbols: 






Figure 5-4. Multiresponse data set with fits for Zr[tBu-ONfuranO]Bn2/B(C6F5)3 catalyst 4. 
(A) Monomer consumption of selected NMR scale reactions having catalyst to monomer 
ratios of 1:100 (red, [C]0 = 3.0 mM, [M]0 = 0.30 M), 1:200 (green, [C]0 = 3.0 mM, [M]0 = 
0.60 M), and 1:400 (cyan, [C]0 = 1.5 mM, [M]0 = 0.60 M). Symbols are data; solid lines 
are modeling fits. (B) MWDs of the polymer resulting from the reactions shown in (A). 
Solid curves are data; dashed curves are fits. (C) Active site counts of selected batch scale 
reaction with three quenches using MeOD at different reaction time. [C]0 = 3.0 mM; [M]0 
= 0.60 M. Black symbols: primary active-site count; blue symbols: secondary active-site 
count. Solid curves are modeling fits. (D) Vinyl analyses of selected batch scale reaction 
with three quenches at different reaction time. [C]0 = 3.0 mM; [M]0 = 0.60 M. Black 
symbols: vinylidene count; blue symbols: vinylene count. Squares are vinyls counts taken 






Figure 5-5. Multiresponse data set with fits for Zr[tBu-ONSMeO]Bn2/B(C6F5)3 catalyst 5. 
(A) Monomer consumption of selected NMR scale reactions having catalyst to monomer 
ratios of 1:100 (red, [C]0 = 3.0 mM, [M]0 = 0.30 M), 1:200 (green, [C]0 = 3.0 mM, [M]0 = 
0.60 M), and 1:400 (cyan, [C]0 = 1.5 mM, [M]0 = 0.60 M). Symbols are data; solid lines 
are modeling fits. (B) MWDs of the polymer resulting from the reactions shown in (A). 
Solid curves are data, dashed curves are fits. (C) Active site counts of selected batch scale 
reaction with three quenches using MeOD at different reaction time. [C]0 = 3.0 mM; [M]0 
= 0.60 M. Black symbols: primary active site count; blue symbols: secondary active site 
count. Solid curves are modeling fits. (D) Vinyl analyses of selected batch scale reaction 
with three quenches at different reaction time. [C]0 = 3.0 mM; [M]0 = 0.60 M. Black 
symbols: vinylidene count; blue symbols: vinylene count. Squares are vinyls counts taken 






Figure 5-6. Plot of monomer independent chain transfer rate constants (kvinylidene and 
kvinylene) versus Zr-X bond length for catalysts 1, 2, and 3. Black symbols: chain 
transfer rate constants from primary sites (kvinylidene); blue symbols: chain transfer rate 






Figure 5-7. Predicted vinyl formation (dashed curves) using rate constants: ki = 0.08 M−1 
s−1, kp = 8 M−1 s−1, kmis = 0.054 M−1 s−1, krec = 0.047 M−1 s−1, kvinylidene = 0.093 s−1, and 
kvinylene = 0.063 s−1 for catalyst 4. Black symbols: measured vinylidene counts; blue 




CHAPTER 6. COMPARISON OF SELECTED ZIRCONIUM AND HAFNIUM 
AMINE BIS(PHENOLATE) CATALYSTS FOR 1-HEXENE POLYMERIZATION 
This chapter contains published work. It is reproduced with permission from 
Organometallics in Volume 32, issue 17, page 4862; Copyright 2013 American Chemical 
Society. The article compares kinetic modeling results for zirconium and hafnium 
analogues of catalysts with one of three ligand structures, identifying the fundamental 
kinetic differences between the metals. 
 
The publication was a collaborative work with several other researchers at Purdue 
University. Other than myself, the authors of the paper are D. Keith Steelman, Paul 
Pletcher, Silei Xiong, Grigori Medvedev, W. Nicholas Delgass, James Caruthers, and 
Mahdi Abu-Omar. My contributions to the paper were: 
(i) Perform polymer analysis for data generated with the hafnium analogues 
of the NMe2 and pyr pendants. 
(ii) For these catalysts, identify kinetic mechanisms that agree with the data. 
(iii) Direct future experiments to generate data that would discriminate 
between candidate mechanisms. 
(iv) Identify key differences between zirconium and hafnium catalysts, and 






The kinetics of 1-hexene polymerization using a family of three zirconium and hafnium 
amine bis-phenolate catalysts, M[tBu-ONXO]Bn2 (where, M = Zr (a) or Hf (b), and X = 
THF (1), pyridine (2), NMe2 (3)) has been investigated to uncover the mechanistic effect 
of varying the metal center M. A model-based approach using a diverse set of data 
including monomer consumption, evolution of molecular weight, and end-group analysis 
was employed to determine each of the reaction specific rate constants involved in a 
given polymerization process. This study builds upon the mechanism of polymerization 
for 1a–3a which has been previously reported by applying the same methodology to the 
hafnium containing analogues, 1b–3b. It has been observed that each elementary step 
specific rate constant that involves the insertion of a monomer is reduced by an order of 
magnitude. As previously reported for catalysts 1a–3a, a quantitative structure-activity 
relationship was uncovered between the logarithm of the monomer independent chain 
transfer rate constants and the Hf-X bond distance for catalysts 1b–3b. However, this 
dependence on the pendant ligand is 2.7 times weaker for the Hf containing analogous 
versus those containing Zr. These findings underscore the importance of comprehensive 
kinetic modeling using a diverse set of multi-response data, enabling the determination of 
robust kinetic constants and reaction mechanisms of catalytic olefin polymerization as 
part of the development of structure-activity relationships. 
6.2 Introduction 
Production of polyolefins is a major industrial process with a current capacity of ca. 110 




heterogeneous Ziegler catalysts; however, in recent years, homogeneous single-site 
catalysts, specifically metallocene-type catalysts, have attracted attention because they 
offer potential control of the various kinetic steps, which in turn can be manipulated by 
“catalyst design.”2-4 While high-throughput screening has accelerated the discovery 
process with group 4 coordination complexes leading to Dow’s catalysts for olefin block 
copolymer synthesis,5 the promise of directly correlating kinetic constants to descriptors 
of the catalyst has not yet been realized. A major obstacle in the way of rational catalyst 
design is the lack of proper quantitative kinetic analysis of all the relevant processes (i.e. 
kinetic steps) that are involved in catalytic olefin polymerization.6,7 Nevertheless, the 
study of single-site catalysts for olefin polymerization is particularly attractive because of 
the potential to directly correlate the physical properties of the resulting polymer to 
structural features of the catalyst based on first principles.8 These types of correlations 
enable one to draw conclusions on how a catalyst structure may be manipulated to yield 
specific polymeric architectures. One particular avenue of interest is to investigate the 
effect that changing the metal center will have on the polymerization process. 
 
Of the group IV elements, the metal that has received the most attention as a 
homogeneous polymerization catalyst is zirconium. Another group IV element that is 
known to act as a homogenous polymerization catalyst is found by dropping down one 
row in the periodic chart to hafnium. Zirconium and hafnium in the +4 oxidation state are 
remarkably similar, having the same number of outer shell d-electrons and the same ionic 
radii due to the lanthanide contraction. Many of the analogous zirconium and hafnium 




their similarities, these two metals behave drastically different as polymerization catalysts. 
When studying β-Me elimination chain transfer pathways in propylene oligomers, Fiorani 
et. al. observed that as a general rule zirconocene type catalysts have increased activity 
over their hafnocene type catalysts; however, for bis(Cp*)-metallocenes, hafnium has a 
significantly larger activity than its zirconium analog, making it one of the few examples 
where the general rule is broken.10 Further studies by Collins and Ferrara showed the 
same phenomena with an additional note that the hafnium analogs produce polymers with 
a significantly larger molecular weight, Mw.9,11 
 
One specific family of non-metallocene catalysts, first pioneered by Kol and co-workers 
that has sparked interest utilizes an amine bis-phenolate (salan) ligand system (see Figure 
6-1).12,13 The reason for choosing this particular family of ligands as part of our detailed 
kinetic studies is the relative ease of synthesis and the ability to tune the catalyst’s 
coordination environment.14 Furthermore, these catalysts exhibit high activity, 
comparable to metallocene catalysts, with 1-hexene in conventional organic solvents such 
as toluene. This feature enables the investigation of kinetic data in the condensed phase 
thereby eliminating mass transfer limitations that are inherent in gas phase 
polymerization reactions. Following up on Kol’s earlier qualitative observations that the 
nature of the pendant ligand (X) and its distance from the metal center (Zr-X) influence 
chain transfer,15 we have shown a linear correlation between the logarithm of the chain 
transfer rate constants, kvinylidene and kvinylene, and the Zr-X bond distance, which was 
probed by quantitative kinetic modeling of a diverse set of multiresponse data.16,17 In this 




the salan-type catalysts to elucidate the effect of changing the metal center from Zr to Hf 
on the rate constants that comprise the olefin polymerization mechanism. 
6.3 Experimental Procedure 
6.3.1 General Procedure 
All manipulations were performed under dry inert atmosphere in a glove box or at a 
vacuum manifold using air sensitive techniques under N2 or Ar atmosphere. Toluene and 
pentane were distilled over activated alumina and a copper catalyst using a solvent 
purification system (Anhydrous Technologies) and degassed through freeze-pump-thaw 
cycles. Both solvents were stored over activated molecular sieves. Tetrabenzylzirconium 
was purchased from STREM and used as received. The monomer 1-hexene was 
purchased from Aldrich and purified by distillation over a small amount of dimethyl 
bis(cyclopentadienyl)zirconium and stored over molecular sieves. 
Tris(pentafluorophenyl)boron was purchased from STREM and purified by sublimation. 
Diphenylmethane was purchased from Aldrich and stored over molecular sieves. CH3OD 
was purchased from Cambridge Isotopes and used as received. D8-toluene was used as 
received and stored over molecular sieves. 1H and 2H NMR experiments were performed 
on a Varian INOVA600 MHz or Bruker DRX500 MHz spectrometer. 
 
The ligands and precatalysts (1a-3b) were prepared following modified literature 
procedures.12,13 We describe herein the details for one representative procedure and 




6.3.2 Synthesis of 6,6'-((((tetrahydrofuran-2-yl)methyl)-
azanediyl)bis(methylene))bis(2,4-di-tert-butyl-phenol), tBu-ONTHFO ligand (1) 
In a typical synthesis, an 80 mL reaction vessel was charged with 2,4-di-tert-butylphenol 
(6.19 g, 30.0 mmol), 2-(aminomethyl) tetrahydrofuran (1.55 mL, 15 mmol) and 37% 
histological grade formaldehyde (6.00 mL, 80 mmol), distilled water, and a stir bar while 
maintaining a maximum volume of 80 mL. The biphasic reaction mixture was placed in a 
CEM microwave reactor and allowed to warm to 100 ºC over 5 min while stirring. The 
reaction was allowed to stand at 100 ºC for 30 min, and then cooled to room temperature. 
The aqueous layer was removed, and cold, dry methanol was added to the organic phase. 
This mixture was shaken for 30 min, and the resulting solid isolated by vacuum filtration. 
The crude ligand product was purified by crystallization from ethanol (28% yield). 
6.3.3 Synthesis of Zr[tBu-ONTHFO]Bn2 (1a) 
In a typical synthesis, a 100 mL flask was charged with tetrabenzylzirconium (0.557 g, 
1.22 mmol), 20 mL toluene, and a stir bar and fitted with a rubber septum. A second 100 
mL flask was charged with the tBu-ONTHFO ligand (0.609 g, 1.13 mmol) and 20 mL of 
toluene. The two flasks were placed under an inert atmosphere, and the ligand solution 
was added to the tetrabenzylzirconium solution via a cannula. The reaction was allowed 
to warm to 60 ºC and stir for 2 h resulting in a bright yellow solution. The solution was 
concentrated to about 10 mL and placed into a -10 ºC freezer. Yellow crystals formed 
within 2 days and the mother liquor was removed via a cannula. The crystals were dried 
under vacuum (84% yield). The precatalyst was recrystallized by vapor diffusion of 




6.3.4 NMR scale polymerization of 1-hexene 
The procedure for NMR scale polymerization is based on literature.17 For a typical 
polymerization, Zr[tBu-ONTHFO]Bn2 (1) (6.1 mg, 0.0075 mmol) was dissolved in 0.5 mL 
toluene in a small vial and sealed with a screw-cap septum. The vial containing the 
precatalyst solution was pierced with a 1 mL syringe. The vial and syringe were placed in 
an N2 bag and allowed to equilibrate to 25 ºC. Tris(pentafluorophenyl)boron (4.3 mg, 
0.0084 mmol), 1-hexene (0.1265 grams, 1.50 mmol), and diphenylmethane (9.5 mg 0.056 
mmol) were added to a 2 mL volumetric flask and diluted to the mark with d8-toluene. 
This solution was placed in an NMR tube and sealed with a septum. The 
monomer/activator solution was placed in the spectrometer and allowed to equilibrate to 
25 ºC using a VT controller. A measurement was taken to determine the initial 
concentration of monomer relative to the internal standard. The NMR tube was removed 
from the spectrometer, and the catalyst precursor solution was added to the 
activator/monomer solution by piercing the septum while the syringe remained in the N2 
bag. The reaction mixture was shaken for ca. 30 seconds and placed back into the 
spectrometer. Spectra were acquired at predetermined time intervals until the reaction 
reached completion. Each sample was prepared for GPC analysis by evaporation over 
mild heat before dissolution in hexanes and filtration through an alumina plug to remove 
the quenched catalyst. Evaporation of solvent yielded clear, colorless poly(1-hexene). 





6.3.5 Batch polymerization of 1-hexene 
The procedure for Manual Quench is based on literature.18 For a typical polymerization, 
Zr[tBu-ONTHFO]Bn2 (0.073 g, 0.090 mmol) was dissolved in 5.0 mL toluene in a small 
vial that was sealed with a screw-cap septum. The vial containing the precatalyst solution 
was pierced with a 10 mL syringe. The vial and syringe were placed in an N2 bag and 
allowed to equilibrate to 25 ºC. Tris(pentafluorophenyl)boron (0.053 grams, 0.099 mmol), 
and 1-hexene (1.575 g, 18.71 mmol) were added to a 25 mL flask and diluted to the mark 
with toluene. This solution was diluted to 26 mL with 1 mL of toluene, and 1 mL of the 
resulting solution was removed for quantification of the initial monomer concentration 
through NMR analysis. The flask was sealed with a septum and moved from an N2 filled 
glovebox to a vacuum manifold and placed under argon. The monomer/activator solution 
was allowed to equilibrate to 25 ºC using a temperature-controlled silicone oil bath. The 
catalyst precursor solution was added to the activator/monomer solution by piercing the 
septum while the syringe remained in the N2 bag. The resulting yellow solution was 
allowed to stir while aliquots were removed at selected times and each was injected into a 
10 mL volumetric flask containing 1 mL of deutero-methanol. A 1 mL aliquot from the 
quenched solutions was removed and a 0.5 mL solution of d-toluene spiked with 
diphenylmethane as an internal standard for quantification of 1-hexene consumption (via 
1H NMR on Varian Inova600). Each sample was prepared for GPC analysis by 
evaporation over mild heat before dissolution in hexanes and filtration through an 






In the case of vinyl end group analysis, a 1 mL aliquot was worked up as described above. 
The resulting polymer was dissolved in CDCl3, and diluted to the mark in a 2 mL 
volumetric flask. Diphenylmethane was used as an internal standard and the method of 
standard additions was used in quantification of the end groups by 1H NMR. All end-
group analysis measurements were taken on a Bruker DRX500 spectrometer at 25 ºC. 
 
In the case of 2H analysis for active-site counting, the remaining quenched reaction 
solution (8 mL) was worked up as described above. The resulting polymer was dissolved 
in CH2Cl2, and diluted to the mark in a 2 mL volumetric flask. d6-benzene was used as an 
internal standard and the method of standard additions was used in quantification of 
active sites by 2H NMR. All active site measurements were taken on a Bruker DRX500 
spectrometer at 25 ºC. 
6.3.6 Gel permeation chromatography (GPC) Analysis 
The procedure used to analyze polymer samples using GPC methods was taken from 
Novstrup et al.,6 and it is summarized below. Poly(1-hexene) samples were added to THF 
at room temperature and allowed to dissolve for 4 h. Solutions were then passed through 
a 0.2 μm filter to remove any particulate matter. The GPC analysis was performed on a 
Waters GPCV 2000 for system 1 and 3, and on a Viscotek GPCmax VE 2001 for system 
2, 4, and 5. On the Waters GPCV 2000, samples were injected through a 101.3 μL 
injection loop and passed through two Polymer Laboratories PLGel 5 μm Mixed-C 
columns in series in a 45 °C oven at a flow rate of 1.0 mL min-1. On Viscotek GPCmax 




three Viscotek T6000M 10 μm General Mixed Org columns in series in a 35 °C oven at a 
flow rate of 1.0 mL min–1. The analysis made use of the differential RI detector and a 
capillary viscometer. Molecular weights were assigned by way of a universal calibration 
curve created with polystyrene standards ranging from 580 g mol–1 to 3,114,000 g mol–1. 
The calibration was verified through the analysis of a broad standard, SRM 706a, 
provided by the National Institute of Standards and Technology. 
6.4 Results 
The complete kinetic analysis for the zirconium-based systems 1a, 2a, and 3a has been 
reported in previous publications.16,17 Here we present the experimental data and a 
complete kinetic analysis for 1-hexene polymerization by hafnium-based analogues 1b, 
2b, and 3b. For each system, we followed our previously developed kinetic modeling 
method6,16,17 based on the analysis of multiresponse data that includes (1) monomer 
consumption, (2) MWD, (3) active site counts, and (4) vinyl end group counts as 
measured by 1H NMR. We determine the active site count at any point in the course of 
the reaction as the number measured by quenching with methanol-d4 and performing 2H 
NMR measurement of the concentration of chains with deuterated end groups. The sites 
that have undergone 1,2-insertion are defined as primary sites, and the sites that have 
undergone 2,1-misinsertion are defined as secondary sites. Within this analysis, each 
system is studied independently, and no a priori assumptions are made with respect to the 
elementary steps. As explained in detail in the Supporting Information, the analysis 




fitting is attempted to the entire data set; only after a simple mechanism is shown to fail, a 
new elementary step, e.g., chain transfer, is added, and the fitting is attempted again. 
 
As a result, a minimal set of elementary steps is determined that can fit the multiresponse 
data. For the zirconium-based systems 1a, 2a, and 3a, such a minimal set turned out to 
include initiation, propagation via normal insertion, 2,1-misinsertion, recovery from 
misinsertion, and chain transfer16 resulting in the formation of vinylidene and vinylene 
species (see Scheme 6-1). Also it is noted that the catalyst participation may not be 100% 
of the nominal precatalyst amount, and it may vary from system to system and 
experiment to experiment. By catalyst participation, here we mean the fraction of 
precatalyst that can be activated and initiated once the reactant species are combined. 
This is separate from time-dependent deactivation. For the hafnium-based systems 1b, 2b, 
and 3b, the results of the kinetic analysis are here presented. We chose the system 2b to 
illustrate the quality of kinetic fitting. The similar figures for systems 1b and 3b are in the 
Supporting Information. The main conclusion is that the kinetic mechanism for hafnium-
based systems is essentially the same as for zirconium analogues. 
6.4.1 Hf−Pyridine Catalyst 2b 
The experimental data along with the kinetic modeling fits are presented in Figure 6-2. 
The specific features of this system are as follows: 
(i) Catalyst participation is nearly 100%. 
(ii) In the case of the batch scale experiments, significant catalyst deactivation 




in Figure 6-2C and the steep decline in primary active site counts over the 
course of the reaction in Figure 6-2E. In the case of the NMR scale 
experiments, the deactivation either does not occur or is much less 
significant. For that reason, deactivation is not considered as part of the 
catalytic reactions. 
(iii) The amount of chain transfer is relatively high as evidenced by the 
significant vinylidene concentration in Figure 6-2F and the fact that the 
MWD does not change much after 30% conversion of the monomer. The 
vinylidene formation is via a monomer-independent reaction as evidenced 
by the upward curvature in the vinylidene concentration versus monomer 
conversion plot (Figure 6-2F). 
(iv) The vinylene end group concentration is much lower than that of 
vinylidene (Figure 6-2F), where the vinylene formation is via monomer-
dependent reaction as evidenced by the linear accumulation in Figure 6-2F. 
6.4.2 Hf−THF Catalyst 1b 
The experimental data along with the kinetic modeling fits are presented in the 
Supporting Information. The specific features of this system are as follows: 
(i) Catalyst participation is approximately 50%. 
(ii) Faster chain transfer rate and slower propagation rate compared to its 
zirconium analogue result in a much higher chain transfer frequency (i.e., 




the reaction). However, the chain transfer rate of this catalyst remains the 
lowest compared to catalyst 2b and 3b. 
(iii) Fewer secondary sites are formed, meaning there is less dormancy as 
compared to the zirconium analogue. The vinylene count is quite small, 
indicating that the actual chain transfer rate from secondary sites is 
negligible. 
6.4.3 Hf−NMe2 Catalyst 3b 
The experimental data along with the kinetic modeling fits are presented in the 
Supporting Information. The specific features of this system are as follows: 
(i) Catalyst participation is approximately 40%. 
(ii) There is a decline in active catalyst sites over the course of the reaction, 
although it is not as steep as in systems 1b and 2b. 
(iii) No secondary catalyst sites were measured, although a small amount of 
vinylene end groups was detected. This peculiar behavior was also 
observed for the EBIZrMe2/B(C6F5)3 catalyst.6,7 Vinylene is typically 
expected to form following chain transfer of secondary sites. It is likely in 
this system that secondary sites do form, but they rapidly undergo either 
chain transfer or monomer-dependent recovery. Since no secondary sites 
are observed even late in the reaction when monomer concentration is low, 





In this study, the complete set of kinetic rate constants for three zirconium amine bis-
phenolate catalyst systems and three hafnium analogues have been presented. For each 
system, a rich data set including MWD has been collected and successfully fitted by 
comprehensive kinetic modeling. With one possible exception, the mechanism of 1-
hexene polymerization for these catalysts (1a−3b) consists of the following elementary 
reaction steps: initiation, normal propagation, misinsertion, recovery, and chain transfer. 
For system 3b, there is not enough information to include or exclude a recovery reaction.  
 
The values of the rate constants are shown in Table 6-1 including error bounds, which 
were determined using the methodology for determining error bounds discussed in the 
previous paper.16 Examining the summarized kinetic data in Table 6-1, the following 
conclusions emerge: 
(i) The monomer-dependent rate constants ki, kp, kmis, and krec are slower for 
the Hf systems than for the Zr systems. In particular, the propagation rate 
is 1 order of magnitude slower in all the hafnium-based systems. 
(ii) kvinylidene, which is monomer-independent chain transfer, is not uniformly 
slower for Hf versus Zr. It depends on the pendant of the ligand. For 
example, for the THF pendant (1a and 1b), kvinylidene for Hf is larger than 
that for Zr, and the rate constants are comparable for both metals in the 
case of the pyr pendant (2a and 2b). 
(iii) Vinylene formation does not behave consistently across all pendants with 




apparently fast (consistent with fast kvinylidene). We do not currently have an 
explanation for this behavior. 
(iv) Each hafnium complex exhibits less secondary site formation than its 
zirconium analogue. 
 
A possible reason for the reduction in the rate of all elementary steps that require the 
insertion of a monomer is due to the larger metal−carbon bond enthalpy of the hafnium 
systems as compared with the analogous zirconium systems.19 In our previous paper we 
pointed out a linear correlation between the logarithm of the rate of monomer-
independent chain transfer and the bond distance between the zirconium and the pendant 
group observed in the precatalyst.16 A similar linear relationship appears to be holding for 
the monomer-independent chain transfer rate for the hafnium-based systems as shown in 
Figure 6-3. However, the hafnium-based system exhibits a much weaker dependence on 
the bond length, as the slope of this correlation is 2.7 times smaller. In our previous 
study,16 we speculated that this increase in bond distance allows for more steric freedom 
to accommodate the β-hydride agnostic interaction necessary for chain transfer to occur. 
Since the effective size of the hafnium metal center is generally believed to be similar to 
that of zirconium, it is unclear why this correlation is weaker in hafnium-based systems. 
However, it is likely that the exact reason lies with the intrinsic properties of the metal 





A comprehensive kinetic study of three catalytic systems based on hafnium amine bis-
phenolate complexes has been completed, and the relevant rate constants and elementary 
reaction steps were determined for each system. The mechanism includes initiation, 
normal propagation, misinsertion, recovery, and chain transfer. In conjunction with the 
previous study of zirconium analogues, this report allows for the first quantitative 
comparison between similarly ligated hafnium and zirconium-based olefin 
polymerization catalysts. The most important findings are as follows: the 1 order of 
magnitude decrease in kp for the hafnium catalysts; an overall decrease in all monomer-
dependent reaction steps; and the correlation between the logarithm of monomer-
independent chain transfer and the hafnium pendant ligand (Hf−X) bond distance. The 
last observation is similar to the one previously reported for zirconium systems, but in 
case of the hafnium catalysts the dependence is 2.7 times weaker. However, it is also 
interesting that there does not appear to be such a correlation that can be drawn for the 
propagation rate constant. Subsquent studies are ongoing to ascertain the dependence of 
kp on the steric and electronic nature of the pendant. 
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6.8 Supporting Information 
Supporting information includes the synthesis of all ligands and precatalysts, as well as a 
complete set of experimental procedures for each system and kinetic modeling material, 
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Scheme 6-1. Elementary Kinetic Steps Used in Fitting the Data for Catalysts 1a,b−3a,ba 
 
a The ordinary differential equations (ODEs) that describe the mass-action kinetics 




Table 6-1. Rate constants for 1-hexene polymerization with the M[tBu-ONXO]Bn2/B(C6F5)3 catalysts 1a–3b.a 
X Zr–THF (1a) Hf–THF (1b) Zr–Pyr (2a) Hf–Pyr (2b) Zr–NMe2 (3a) Hf–NMe2 (3b) 
M−X 













































































nd order 8.72 (+0.07/–0.04) 
b 
a In toluene at 25 °C. See Figure 6-1 for precatalyst structures and Scheme 6-1 for reactions steps. Errors are in parentheses. b The 






Figure 6-1. 1-Hexene polymerization catalyzed by zirconium/hafnium salan-type 






Figure 6-2. Multiresponse data set with fits for catalyst 2b. NMR-scale experiments: (A) 
Monomer consumption. Data, symbols; fits, lines. (B) MWDs at the end. {Blue, Red, 
Green}, [C]0 = {3.0, 3.0, 6.0} mM and [M]0 = {0.30, 0.60, 0.60} M. Data, solid; fits, 
dashed. Batch scale experiments ([C]0 = 3.0 mM, [C]0 = 0.60 M): (C−F). (C) Monomer 
consumption. Data, symbols; fit, line. (D) MWDs at (solid) 1694 s, (dashed) 4352 s, 
(dotted) 10963 s. Data, black; fits, magenta. (E) Active site counts. Primary, filled circles 
(data)/solid line (fit); secondary, open circles (data)/dashed line (fit). (F) End group 
analysis. Filled circles (data)/solid line (fit), vinylidene; open circles (data)/dashed line 









CHAPTER 7. TEMPERATURE DEPENDENT MODELING AND ACTIVATION 
PARAMETERS OF SELECTED ZIRCONIUM AMINE BIS(PHENOLATE) 
CATALYSTS FOR 1-HEXENE POLYMERIZATION 
7.1 Introduction 
The effect of temperature on olefin polymerization by single-site catalysts has been 
studied by a number of research teams. The results of these studies provide the general 
conclusions that when reaction temperature increases, catalyst activity increases,1 
polymer chain length decreases1d-f,2 and stereoregularity decreases.1b,c,e,2-3 The kinetic 
basis for these results is that while the rate of chain propagation increases with rising 
temperature, competing reactions for chain transfer, epimerization, and regioerrors 
increase more quickly. While these temperature studies date to the 1970s with work by 
Andresen, et al., on ethylene polymerization by alkylaluminum-activated titanium 
metallocenes,1a it wasn’t until much later that attempts were made at calculating 
activation parameters for the chemical reactions that govern single-site polymerization. 
 
Reliable activation parameters are dependent upon robust kinetic rate constants. However, 
other kinetic parameters can also be measured. Polymerization activity, defined as the 
mass of polymer synthesized per catalyst site in a unit time, provides an approximate 
measurement of how fast a catalyst grows polymer, and is therefore an industrially 




activity of ethylene polymerization by Group IV metallocenes.4 They compared catalyst 
structures with the highest and lowest activities in an attempt to understand why some 
catalysts have faster activity than others. Ultimately, they identified steric crowding 
around the active site as a key feature that influences activity, although they admitted that 
a quantitative relationship was impossible to provide. One reason may be that activity, 
reported often as a constant value, may not be constant throughout a reaction. In batch 
scale polymerization, decreasing monomer concentration will cause activity to fall; even 
semi-batch scale polymerization, where monomer concentration is maintained at a 
constant value, can have varying activity due to side reactions such as dormant site 
formation or catalyst deactivation. Activity is therefore not useful for making fine 
comparisons between catalytic systems and would not be appropriate for determining 
activation parameters. 
 
To move beyond this limitation, the kinetic rate constants for each step of the 
polymerization mechanism must be extracted from experimental data. Rytter and 
coworkers provided one of the earliest examples.5 In 1998 they published a study5a of 
ethylene and propylene polymerization by several metallocene zirconium dichloride 
catalysts activated with methylaluminoxane (MAO) over large (approx. 100 °C) 
temperature ranges. They measured catalyst activity as a function of time, reporting an 
average value over an hour, but concluded that a kinetic model with rate constants 
provides a better description of the polymerization behavior. Their kinetic model includes 
reactions for “activation” (analogous to what is commonly called initiation), propagation, 




deactivation of the catalyst. Their “corrected activity,” the propagation rate constant, 
differs in some cases by over an order of magnitude from the average value, again 
reflecting the need for an accurate kinetic analysis. This proper analysis also allowed 
them to determine activation enthalpy and entropy for each rate constant, providing 
predictive ability at additional temperatures. 
 
A number of studies followed in which data were collected and used to extract rate 
constants of a polymerization mechanism, including the propagation,6 initiation,6a-c,7 
chain transfer,6a-d,8 and deactivation9 rate constants. However, the temperature 
dependence of the rate constant is only determined in some cases.6c-g,9 In 2001, Liu, et al., 
published a complete kinetic treatment for 1-hexene polymerization by the “single-site” 
catalyst rac-(C2H4(1-indenyl)2)ZrMe2/B(C6F5)3.6c They collect data over a 60 °C 
temperature range and provide both rate constants and activation parameters for the 
initiation, propagation, and chain transfer rate constants, which were assigned through the 
analysis of the data one response at a time rather than by modeling the data as a whole. A 
similar study followed from the same team with analogous results for propylene 
polymerization,6d eventually leading to a broader body of work in which activation 
parameters have been collected for several “single-site” and MAO-activated 
catalysts.6e,f,10 Ciancaleoni, et al., summarize a number of these findings,10a hypothesizing 
that the slow propagation rate constants seen in these catalyst systems (as compared to 
industrially relevant systems) is due to the relatively large (more negative) entropy of 





The accuracy of the activation parameters depends on accurate rate constants over a large 
temperature range. Unfortunately, the piecemeal approach to kinetic modeling may not 
provide the accuracy required. For example, the Liu, et al., study6c was repeated by 
Novstrup, et al.,11 but the modeling approach highlighted the simultaneous fitting of all 
data, which included the precise shape of the molecular weight distribution (rather than 
just averages) as a function of time. A key finding was the correction of the propagation 
rate constant by a factor of approximately 2 at 0 °C. Corrections of this scale, if required 
at the other reaction temperatures, could easily produce large changes to the entropy and 
enthalpy of activation. 
 
This chapter examines 1-hexene polymerization by a series of three zirconium amine bis-
phenolate catalysts at several temperatures, with each catalyst containing a different 
pendant group. Results at 25 °C have been discussed in previous chapters.12 Data have 
been collected as a function of time, and mechanisms and rate constants are assigned by 
modeling the entire set of data simultaneously. These results are then critically examined 
and discussed. 
7.2 Experimental Section 
7.2.1 General Procedure 
All manipulations were performed under dry inert atmosphere in a glove box or in a 
vacuum manifold using air sensitive techniques under N2 or Ar atmosphere. Toluene and 
pentane were distilled over activated alumina and a copper catalyst using a solvent 




cycles. Both solvents were stored over activated molecular sieves. Tetrabenzylzirconium 
was purchased from STREM and used as received. The monomer 1-hexene was 
purchased from Aldrich and purified by distillation over a small amount of dimethyl 
bis(cyclopentadienyl)zirconium and stored over molecular sieves. 
Tris(pentafluorophenyl)boron was purchased from STREM and purified by sublimation. 
Diphenylmethane was purchased from Aldrich and stored over molecular sieves. CH3OD 
was purchased from Cambridge Isotopes and used as received. D8-toluene was used as 
received and stored over molecular sieves. 1H and 2H NMR experiments were performed 
on a Varian INOVA600 MHz or Bruker DRX500 MHz spectrometer.  
 
The ligands and precatalysts (1–3) were prepared following literature procedures.12 These 
synthesis processes have been covered in previous chapters. 
7.2.2 NMR scale quenched polymerization of 1-hexene with Zr[tBuONSMeO]Bn2 
The time dependent concentrations of different species were monitored by the quenching 
the samples using d4-methanol at times representing 30%/60%/90% conversion of initial 
1-hexene amount. Zr[tBuONSMeO]Bn2 (21.0 mg, 0.02625 mmol) was dissolved into 3.5 
ml toluene using a stir bar. Three 1 mL aliquots of the catalyst solution were then 
separated into vials containing pierceable screw-top caps. A 3 ml syringe, needle, and a 
vial containing the catalyst solution were placed into a N2 bag. The vial in the bag was 
submerged into an oil bath at the requisite temperature (oil bath at 35 °C or 1, 2 
dichlorobenzene/dry ice bath at –17 °C). Tris(pentafluorophenyl)boron (14.1 mg, .0275 




were added to a 5 mL volumetric flask and diluted to the mark using d8-toluene. 1.5 mL 
of this monomer stock solution was added into each of three NMR tubes containing 
pierceable septum. These monomer/activator solutions were then placed into the 
spectrometer, allowed to equilibrate to room temperature, and an initial monomer 
concentration was taken relative to the diphenylmethane standard. The sample was taken 
to the respective temperature bath and allowed to equilibrate to temperature. The catalyst 
solution was then added to the monomer/activator solution by piercing the cap while the 
syringe remained in the N2 bag. The reaction mixture was then shaken for 30 seconds 
outside of the bath before being returned to solution. The reactions were quenched at 
different times. The end point measurement was taken afterward in the same 
spectrometer at room temperature. Each sample was dried, dissolved in hexane, filtered 
through alumina to remove dead catalyst, dried, and placed under vacuum for 12 hours to 
get a total polymer weight. 
 
For vinyl analysis, 1.2 mL of CDCl3 was added to the dried polymer to completely 
dissolve the polymer. A 1 mL aliquot was removed and placed into a NMR tube. 
Diphenylmethane (70.0 mg, 0.42 mmol) dissolved in CDCl3 in a 5 mL volumetric flask 
was used as an internal standard using the method of standard additions using 10 
microliter aliquots to quantify the amount of end groups by 1H NMR. The sample was 
then dried and reweighed to compare what percentage of polymer was quantified to 
determine total concentration of vinyl groups. The two polymer samples were 





For 2H analysis, a similar procedure to vinyl analysis was followed. Following quenching, 
1.2 mL of dichloromethane was added to the dried polymer sample and the polymer was 
dissolved. A 1 mL aliquot was removed and placed into a NMR tube. As a standard, d6-
benzene (80.0 mg, 0.95 mmol) was dissolved in dichloromethane in a 5 mL volumetric 
flask. The sample was then analyzed utilizing the method of standard additions. The 
sample was then dried and weighed to determine the percentage of polymer analyzed and 
total amount of active sites from deuterium labeling. 
7.2.3 NMR scale quenched polymerization of 1-hexene with Zr[tBuONTHFO]Bn2 and 
Zr[tBuONNMe2O]Bn2 
The procedure for NMR scale polymerization is based on literature.12a,b For a typical 
polymerization, Zr[tBu-ONTHFO]Bn2 (6.1 mg, 0.0075 mmol) was dissolved in 0.5 mL 
toluene in a small vial and sealed with a screw-cap septum. The vial containing the 
precatalyst solution was pierced with a 1 mL syringe. The vial and syringe were placed in 
an N2 bag and allowed to equilibrate to 25 ºC. Tris(pentafluorophenyl)boron (4.2 mg, 
0.0083 mmol), 1-hexene (0.126 grams, 1.50 mmol), and diphenylmethane (9.7 mg 0.058 
mmol) were added to a 2 mL volumetric flask and diluted to the mark with d8-toluene. 
This solution was placed in an NMR tube and sealed with a septum. A measurement was 
taken to determine the initial concentration of monomer relative to the internal standard 
using 1H NMR. The monomer/activator solution and the nitrogen bag containing the 
catalyst solution were placed in a temperature bath and allowed to equilibrate. At 0 °C an 
ice bath was used, and at –20 °C an acetone/dry ice bath was used. Then the catalyst 




while the syringe remained in the N2 bag. The reaction mixture was shaken for 30 
seconds and inserted back into the bath. This reaction was quenched at the time 
corresponding to the desired conversion of monomer using 0.75 mL of d4-methanol. The 
quench reaction was analyzed by 1H NMR to verify the conversion of monomer. This 
same sample was collected in a vial, cleaned up, and analyzed in accordance with 
literature procedure.12a,b An identical procedure was used to study the remaining catalyst 
systems. 
7.2.4 Gel permeation chromatography (GPC) analysis 
Analysis of the polymer through GPC was carried out identically to how it has been 
reported in the previous chapters. The goal of this analysis was to produce the molecular 
weight distributions for each quenched sample. The triple detection calibration method, 
which includes light scattering analysis, was employed for all samples. 
7.2.5 Kinetic modeling analysis 
In order to determine the kinetic models for each data set, the methods described in 
previous chapters have been employed. Such methodology was found sufficient to 
produce good fits in almost all cases, with poor fits being ascribed to experimental 
problems. Errors in the rate constants were assigned by using the standard errors as 






Three catalyst systems were studied to gauge the effects of temperature changes on 1-
hexene polymerization. The precatalysts were: Zr-tBu4[ONXO]Bn2 [X = SMe (1), THF 
(2), NMe2 (3)]. In all cases, B(C6F5)3 was used to activate the precatalyst. All 
experiments were carried out in toluene. Each catalyst system was studied at three 
temperatures: 1 was studied at –17 °C, 22 °C, and 35 °C; and 2 and 3 were studied at –
20 °C, 0 °C, and 25 °C. The mechanisms and rates for 1 at 22 °C and 2–3 at 25 °C have 
been previously published.12 
 
Kinetic modeling methods discussed in previous chapters have been used to obtain 
kinetic mechanisms and rate constants that provide good fits of the data sets collected. In 
all cases, the data sets consisted of the following: monomer concentration, vinylidene and 
vinylene concentration, primary and secondary deuterium incorporation following 
catalyst quenching, and molecular weight distribution of the polymer product, all as a 
function of reaction time. The mechanisms were not assumed a priori to follow the same 
mechanism, but many similarities were seen. 
 
In the following figures, the model fits are color-coded by the corresponding catalyst as 
follows: SMe pendant (1): Green; THF pendant (2): Red; NMe2 pendant (3): Blue. Black 
will represent experimental data, regardless of the catalyst that was used. 
 
The data and model fits for 1–3 that have not been previously published are shown in 




(i) In all cases, both primary and secondary deuterium labels were discovered. 
The labels, which originate on MeOD added to quench the active catalyst, 
are assumed to affix to the growing end of the polymer, and their 
concentrations therefore represent the active site concentration before 
quenching. The presence of both primary and secondary sites is evidence 
that monomer misinsertion (that is, 2,1-insertion) occurs at some rate in all 
cases. 
(ii) In all cases, both vinylidene and vinylene groups were discovered. 
Vinylidene groups are assumed to originate from a chain transfer pathway 
(either monomer dependent or independent) where the reactant is a 
primary active site (a primary carbon is bonded to the metal), whereas 
vinylene groups originate from secondary active sites (a secondary carbon 
is bonded to the metal). 
(iii) Assuming that active site concentrations are constant (which they all 
roughly are, as seen in Figure 7-1d), vinyl groups will either form linearly 
(independent of monomer concentration) or will have a decreasing growth 
rate (dependent on monomer concentration). As seen in Figure 7-1, the 
vinyl formation rate always decreases late in the reaction at these 
temperatures. The vinyl formation pathways are therefore monomer 
dependent. Most commonly, this occurs through a β-H transfer to 
monomer pathway. 
(iv) All experiments shown were carried out with 200:1 1-hexene:catalyst ratio. 




length of approximately 16,800 g mol–1 (about 4.2 on the log scale). 
However, despite chain transfer reactions decreasing the chain length, in 
each case the maximum polymer molecular weight exceeds this value. The 
mechanism must account for this in some manner. Three possible 
mechanistic features that will achieve higher-than-living molecular weight 
are: (i) initiation is slow compared to propagation, (ii) the secondary sites 
are slow to insert additional monomers, and (iii) not all of the precatalyst 
activates or otherwise participates in polymerization. In each of these three 
cases, the amount of working catalyst is reduced, effectively increasing the 
1-hexene:catalyst ratio. Each method has a different effect on the other 
data features and can therefore be distinguished from the rest. It can be 
seen from the rate constants, shown in Tables 7-1, 7-2, and 7-3, that all 
three of these features exist for all catalysts to some degree. 
 
These clues were used to assist in model selection and optimization. The chemical 
mechanisms at these alternative temperatures include the following reactions: (i) 
propagation, (ii) initiation (which is sometimes slow compared to propagation), (iii) 
misinsertion and recovery, (iv) monomer dependent vinylidene and vinylene formation, 
and in some cases (v) monomer independent catalyst deactivation. Catalyst participation 
was also less than 100% in all cases. The similarity of all these models allows us to 
compare rate constants and activation parameters among all reaction temperatures and 
catalysts. The rate constants corresponding to the models (including previously published 




Ultimately, good fits were produced for the majority of the data. The most striking 
exception is the molecular weight distribution fit for 2 at 0 °C. The early experimental 
distribution (shown in black in Figure 7-1b-iv) is predicted to have a shape quite similar 
to the later distributions, but shifted to a lower molecular weight. However, the model 
prediction shows a distribution with a much steeper high molecular weight tail. It is 
possible to select an alternative model that fits the early distribution well, but all such 
models heretofore discovered fit the later distributions and the vinyl and active site data 
poorly. It is possible that the early distribution is not accurately represented by this data 
due to an experimental error or measurement error. 
 
The rate constants in Tables 7-1 to 7-3 are shown graphically in Figure 7-2. They are 
displayed in an Arrhenius plot to identify linearity. Figure 7-2a shows that kp obeys 
typical Arrhenius behavior for all catalyst over the temperature range studied. Figure 7-2 
also shows that other than possibly ki the remaining rate constants (kmis, krec, kvinylidene, 
and kvinylene) for 1 obey Arrhenius behavior as well. For 2 and 3, ki, kmis, and krec deviate 
at least somewhat from Arrhenius behavior. The most apparent problem in cases where 
there is deviation is that the rate constant at 0 °C is about the same or is faster than the 
value at 25 °C. 
 
With regard to chain transfer, while the mechanism for 1 is the same at all temperatures, 
there appears to be a change in the chain transfer mechanism for 2 and 3 when the 
temperature changes. As previously noted, at the lower temperatures (–20 and 0 °C) vinyl 




the higher temperature (25 °C) vinyl groups form at a constant rate regardless of the 
monomer concentration. Thus the low temperature chain transfer rate constants for 2 and 
3 cannot be compared to the high temperature rate constants. We may still extract 
activation parameters for monomer dependent chain transfer from the two available data 
points. Figures 7-2e and f show the line between the two low temperature data points to 
provide a rough comparison with the results from 1. 
7.4 Discussion 
The activation parameters are given in Table 7-4. These values are calculated by 
observing that the rate constants, shown in Figure 7-2, are linear, and thus follow 
Arrhenius behavior, which is given by the equation: 
k =A𝑒–𝐸𝑎𝑅𝑇  
Here, k is the rate constant, R is the ideal gas constant, and T is the reaction temperature. 
Ea and A are the model parameters derived from the linear fit of the data in Figure 7-2. 
Their connection to the activation parameters comes from applying the Eyring equation 









Here, kB is Boltzmann’s constant, h is Planck’s constant, and ΔS‡ and ΔH‡ are the 
entropy and enthalpy of activation, respectively. The parameter κ is the transmission 
coefficient. The connection between these two equations can be readily seen. When the 
logarithm of k is plotted against 1/T, the slope is –ΔH‡/R and the intercept is ΔS‡/R + 
ln(κ kBT
h





From examining Figure 7-2, we see that of the systems studied only 1 shows Arrhenius 
behavior for all of its rate constants, with the possible exception of ki. Figure 7-2a further 
shows that kp follows Arrhenius behavior for all 1–3. The activation parameters are 
shown in Table 7-4. These parameters are very similar across all catalysts, with 1 and 2 
essentially identical within experimental error. The fact that kp is the same for all three of 
these catalysts indicates that the propagation process is relatively unchanged by the 
identity of the pendant group. This result is somewhat intuitive using the following logic: 
(i) The propagation step has two parts: docking of the monomer to the active 
site and monomer insertion following bond breaking and formation 
(electron rearrangement). The docking step is monomer dependent while 
the insertion step is not. Because we observe that monomer consumption 
is always linear on the semi-log plot of concentration vs. time (Figure 7-1a, 
compare to Figure 3-1), we conclude that it is the docking step that is rate 
limiting for propagation. 
(ii) Monomer docking is governed by two parameters: (a) the energy required 
for the monomer to displace the counterion at the active site, and (b) the 
size of the opening for the monomer to approach the active site. The 
change in pendant will produce a slight change in the charge density of the 
metal, but during propagation the counterion is assumed to be already 
displaced enough by the growing polymer chain that the changes in charge 




have approximately the same size. None will hinder monomer approach 
more than any other. 
(iii) If neither parameter governing monomer docking is significantly changed, 
neither will the propagation rate constant be significantly changed. 
7.4.2 Chain transfer 
While kp is approximately equal among these catalysts, our previous work showed that at 
25 °C there is a large difference in kvinylidene and kvinylene. This temperature study has 
uncovered some peculiarity regarding the chain transfer reactions. For 2, chain transfer is 
monomer dependent (both vinylidene and vinylene formation) at –20 and 0 °C, but 
appears to become monomer independent at 25 °C. The 25 °C result comes with the 
caveat that at this temperature there are very few vinyls formed, and because the 
concentrations are so low and the error relatively large, the actual mechanisms for chain 
transfer could in fact be interpreted to be monomer dependent. Yet if these monomer 
dependent rate constants were calculated instead, it would be seen that they are 
approximately equal to—or lower than—the rates at 0 °C, not what would be expected of 
rate constants following Arrhenius behavior. For 3, vinyl formation is unambiguously 
monomer independent at 25 °C. At this time the reason for the change in mechanism is 
not understood. It is generally accepted that chain transfer in single-site catalysis 
preferentially follows a monomer dependent pathway unless monomer concentration is 
low or the monomer complexation pathway is disfavored,13 although it is unclear why 
monomer complexation for chain transfer would be disfavored only at a higher 




temperatures may provide more information, as would experiments at additional initial 
monomer concentrations, which would provide more discrimination of the reaction order 
for chain transfer. 
 
Despite the change in mechanism, Figure 7-2 and Table 7-4 can provide some insight 
regarding monomer dependent chain transfer. The activation enthalpies and entropies for 
monomer dependent vinylidene formation appear to be approximately equal for 2 and 3, 
despite the large difference between the monomer independent rates for the two at 25 °C. 
For 1, the activation enthalpy is lower and the activation entropy is larger (more negative) 
than for 2 and 3, although the uncertainty is quite large. With regard to vinylene 
formation, 2 and 3 are quite different, both in activation enthalpy and entropy, while 1 
and 3 match in enthalpy, but not entropy (which is again larger for 1). 
 
The activation entropies for vinylidene formation from both 2 and 3 are quite low (–2.4 
and –2.3 cal mol–1 K–1, respectively). The reaction involves the docking of a monomer 
followed by an insertion process (similar to propagation), but the product involves the 
release of the polymer chain. The overall process should be approximately entropy 
neutral, with the first step decreasing entropy (two species react to form one) and the 
second step increasing it (one species reacts to form two). It may be that for vinylidene 
formation the second step is rate determining because there is likely a lower barrier to the 
entropy increase than for the entropy decrease. Conversely, the vinylene formation 
activation entropy is much larger. In this case, it may be the docking process that is rate 




formation is a secondary site, which is more sterically crowded than the primary site 
needed for vinylidene formation, and the entropy loss associated with this reaction will be 
more substantial (loss of the degrees of freedom of a free monomer). 
7.4.3 Misinsertion and recovery 
The rate constants for misinsertion and recovery for catalyst 3 do not follow Arrhenius 
behavior, nor does kmis for 2. The rate constants at 0 °C are equal to or greater than they 
are at 25 °C. If we assume that the data should follow Arrhenius behavior, it is possible 
that either (i) the calculated rate constants at 25 °C are too low, or (ii) those at 0 °C are 
too high (or both). Because the 25 °C experiments were done in a different, more easily 
contaminated experimental setup (Schlenk flask at high temperature versus sealed NMR 
tube at low temperature), we will assume that the 0 °C data is more reliable than the 
25 °C data, and thus the rate constants at 25 °C are not as reliable. Figure 7-2 shows 
Arrhenius fits for these cases using just the two low temperature rate constants using 
dashed lines. Under these assumptions, we can compare the activation parameters for 
these rate constants. 
 
When comparing the activation parameters for kmis and krec for 1–3, we see for all cases 
that the activation enthalpy is lower for krec than for kmis, and the activation entropy is 
higher (more negative) for krec than for kmis. This may indicate that a different rate 
limiting step controls each of these two reactions. As with propagation, misinsertion and 
recovery require a docking step and an insertion step. Docking will be more difficult 




carbon at the active site is less highly substituted because there are fewer carbon atoms 
available to distribute the temporary decrease in charge at the transition state. For the 
misinsertion reaction the reacting catalyst has a less crowded, less substituted primary 
site, indicating that insertion is more likely to be the rate limiting step. Conversely, for 
the recovery step the reacting catalyst is a more crowded, more substituted secondary site, 
indicating that docking is more likely to be the rate limiting step. Also, the docking step 
involves the loss of a free monomer in solution, which will have a large entropy loss and 
likely a large activation entropy barrier as well compared with insertion. This agrees with 
recovery having docking as the rate limiting step. 
 
If monomer insertion is the rate limiting step for the misinsertion reaction, the implication 
is that the reaction is zeroth order in monomer and first order overall. However, the 
kinetic modeling procedure shows that second order misinsertion rate constants provide a 
good fit. The reason is that misinsertion is a relatively uncommon event, occurring once 
for every 50–100 propagation insertions. The reaction order therefore has little influence 
on the rate of monomer consumption. Another implication is that misinsertion will 
become more frequent relative to propagation (which is monomer dependent) late in the 
reaction when monomer concentration is low. However, a decrease in monomer 
concentration may cause the reaction order of misinsertion to shift to second order due to 
the decrease in the rate of monomer docking. Ultimately, the data available is not robust 
enough to distinguish both the docking and insertion rate constants for misinsertion, and 





We have not discussed the activation parameters for the initiation rate constant. Table 7-4 
lists the errors in these parameters as quite large. The reason for the substantial 
uncertainty is the large deviation from Arrhenius behavior for all catalysts. Part of this 
deviation comes from the difficulty of assigning this rate constant from the available data. 
Much lower monomer conversion or initial monomer concentration data would be needed 
to assign these rate constants with better accuracy. 
7.4.5 Comparison to other catalyst systems 
We would like to know how the activation parameters for the catalysts studied here 
compare with those for other catalysts. However, activation parameters are not 
commonly reported. Rate constants are not often measured for single-site polymerization 
catalysts; instead, parameters such as activity, which have less kinetic precision, are 
usually reported. We remarked earlier that the publication by Ciancaleoni, et al., 
summarizes activation parameters from available data,10a and the authors note that the 
slow propagation rate constants are due to the large (more negative) entropy of activation 
(–30 cal mol–1 K–1 or more) along with a relatively moderate enthalpy of activation (5–10 
kcal mol–1). Compared with these values, the results in Table 7-4 show that the activation 
parameters for propagation for 1–3 are of generally the correct magnitude for single-site 
catalysts. 
 
Landis, et al., do measure actual rate constants and report activation parameters for 1-




summarized in Table 7-5. For kp, they report ΔH‡ = 11.2 ± 1.5 kcal mol–1 and ΔS‡ = –33 
± 5 cal mol–1 K–1. However, further analysis of this system identified that kp at 0 °C was 
incorrect due to incomplete participation by the precatalyst in the polymerization 
reaction.11 This oversight is also present at other reaction temperatures, but the exact 
amount has not yet been determined. It is difficult to say exactly how much difference 
there is in the activation parameters without the additional analysis at other reaction 
temperatures, but preliminary results find that the true activation parameters for kp are 
closer to ΔH‡ = 9.4 kcal mol–1 and ΔS‡ = –21.4 cal mol–1 K–1. These parameters are 
nearly equal to those for 3 despite the large difference in catalyst structure. 
 
Noting the modeling error, we may still compare the remaining rate constants. While we 
have not determined ki very well, we see that for kmis the reported enthalpy for the 
indenyl catalyst is somewhat lower and the reported entropy is somewhat higher than for 
the amine bis-phenolate catalysts, the same trend that was seen for kp; however, nothing 
more can be said without a corrected kinetic model. 
 
The vinylidene chain transfer reaction is first order with the indenyl catalyst, whereas the 
activation parameters in Table 7-4 represent a second order process. These processes are 
quite different, and we cannot reasonably compare the rate constant kvinylidene between 
these different catalyst systems. We do note, however, the relatively small (less negative) 
value of the activation entropy (–12 cal mol–1 K–1), which we have associated with the 




step. In first order chain transfer, there is only an electron rearrangement step (similar 
to insertion), so a low value for activation entropy is not surprising. 
7.5 Conclusions 
Polymerization data at multiple temperatures have been collected for a series of three 
zirconium amine bis-phenolate catalysts, with each catalyst varying only in its pendant 
group. The data were used to extract chemical mechanisms and rate constants, and the 
rate constants were used to determine activation enthalpy and entropy for each reaction. 
The parameters were compared among the three catalysts. The following conclusions 
come from the analysis: 
(i) The propagation rate constant is mostly unaffected by changes to the 
pendant. This is apparent from the small changes to both activation 
enthalpy and entropy for this reaction. 
(ii) For catalyst 3, and perhaps 2 as well, the mechanism for chain transfer 
changes from monomer dependent at lower temperature to monomer 
independent at higher temperature. The reason is unclear, as this effect is 
not seen with 1. 
(iii) For all catalysts, misinsertion and vinylidene formation reactions (which 
both have the same reactants—a primary active site and a monomer) have 
a higher activation enthalpy and a lower (less negative) activation entropy 
than recovery and vinylene formation reactions (which also share 
reactants—a secondary active site and a monomer). We postulate that 




for recovery and vinylene formation, and insertion for misinsertion and 
vinylidene formation. When insertion is rate limiting, the overall reaction 
may appear to be zeroth order in monomer, at least early in the reaction 
when monomer concentration is high. 
(iv) There are no completely reliable systems to compare these results to, but 
from available sources we see that the activation parameters are of the 
same magnitude to what is seen for other catalysts. 
 
Understanding the temperature dependent nature of these catalysts will help future 
scientists to select the best reaction conditions to produce a desired polymer product. For 
instance, when the activation enthalpy is greater for kmis than for kp (as it is for 1 and 3), a 
lower reaction temperature would increase the kp:kmis ratio, resulting in a smaller 
percentage of misinsertions, although at the cost of a slower reaction. Yet to have a good 
understanding of the temperature behavior of single-site catalysts a complete and 
reproducible data set is required. The data reported in this chapter provide accurate 
results for many parameters, but they are lacking in some places, such as early monomer 
conversion data to compute ki. Additional discriminating experiments would help to 
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Table 7-1. Model rate constants for 1-hexene polymerization by 1/B(C6F5)3 in toluene. 
 –17 °C 22 °C 35 °C 
kp 
M–1 s–1 0.411 ± 0.017 12.3 ± 4.1 16.9 ± 1.1 
kmis 
M–1 s–1 0.0051 ± 0.0007 0.20 ± 0.07 0.318 ± 0.036 
krec 
M–1 s–1 0.00348 ± 0.00046 0.0359 ± 0.0009 0.0706 ± 0.0027 
kvinylidene 
(10–3) M–1 s–1 0.1054 ± 0.0048 2.2 ± 0.5 20 ± 7 
kvinylene 
(10–3) M–1 s–1 0.0184 ± 0.0009 0.949 ± 0.028 2.5 ± 0.2 
ki 
M–1 s–1 0.00146 ± 0.00028 0.0172 ± 0.0013 0.16 < ki ≤ kp 
kd 
(10–3) s–1 0.127 ± 0.013 7.9 ± 1.2 0.5 ± 0.9 
Catalyst 





Table 7-2. Model rate constants for 1-hexene polymerization by 2/B(C6F5)3 in toluene. 
 –20 °C 0 °C 25 °C 
kp 
M–1 s–1 0.1720 ± 0.0022 2.25 ± 0.11 8.0 ± 0.5 
kmis 
M–1 s–1 0.0081 ± 0.0015 0.0351 ± 0.0036 0.054 ± 0.015 
krec 
M–1 s–1 0.0272 ± 0.0049 0.0331 ± 0.0027 0.047 ± 0.012 
kvinylidene 
(10–3) M–1 s–1 0.087 ± 0.007 1.34 ± 0.07 1
st order 
kvinylene 
(10–3) M–1 s–1 0.0949 ± 0.0043 0.264 ± 0.019 1
st order 
ki 
M–1 s–1 0.00252 ± 0.00019 0.05 < ki ≤ kp 0.080 ± 0.015 
kd 
(10–3) s–1 0.107 ± 0.010 0.53 ± 0.09 0 
Catalyst 





Table 7-3. Model rate constants for 1-hexene polymerization by 3/B(C6F5)3 in toluene. 
 –20 °C 0 °C 25 °C 
kp 
M–1 s–1 0.742 ± 0.010 3.79 ± 0.10 11.9 ± 1.2 
kmis 
M–1 s–1 0.0173 ± 0.0016 0.101 ± 0.008 0.082 ± 0.009 
krec 
M–1 s–1 0.0415 ± 0.0031 0.172 ± 0.012 0.116 ± 0.028 
kvinylidene 
(10–3) M–1 s–1 0.357 ± 0.039 5.02 ± 0.15 1
st order 
kvinylene 
(10–3) M–1 s–1 0.228 ± 0.007 1.95 ± 0.09 1
st order 
ki 
M–1 s–1 0.076 ± 0.026 0.03 < ki ≤ kp 0.22 ± 0.11 
kd 
(10–3) s–1 0.120 ± 0.016 0 0 
Catalyst 





Table 7-4. Activation parameters for rate constants of 1–3. 
  
ΔH‡ 
kcal mol–1  
ΔS‡ 
cal mol–1 K–1 
kp 
SMe 11.7 ± 1.5 
 
–14.4 ± 5.4 
THF 12.8 ± 2.7 
 
–11.0 ± 10.0 
NMe2 9.2 ± 1.1 
 
–22.4 ± 5.0 
ki 
SMe 23 ± 15 
 
20 ± 50 
THF 11 ± 20 
 
–20 ± 70 





SMe 13.0 ± 1.4 
 
–18.3 ± 5.0 
THF 11.2   
 
–28.0 





SMe 9.06 ± 0.08 
 
–34.40 ± 0.27 
THF 1.83 ± 0.27 
 
–58.43 ± 0.98 





SMe 14.7 ± 3.4 
 
–19.7 ± 11.9 
THF 18.9   
 
–2.4 





SMe 14.97 ± 0.27 
 
–21.7 ± 0.9 
THF 7.03   
 
–49.0 
 NMe2 14.78   
 
–16.6 









cal mol–1 K–1 
kp 6.4 ± 1.5  –33 ± 5 
ki 11.2 ± 1.5  –24 ± 5 
“kmis”a 9.7 ± 1.2  –35 ± 4 
kvinylidene (1st order) 16.2 ± 3  –12 ± 6 
a In the publication, vinylene formation is recognized to follow immediately from 2,1 






Figure 7-1. Data and model fits for 1-hexene polymerization by 1–3/B(C6F5)3 in toluene. 
[1–3]0 = 3 mM; [B(C6F5)3]0 = 3.3 mM; [1-hexene]0 = 600 mM. Black: data; color: model 
fits. The rate constants for the models are in Tables 7-1 to 7-3. Row (i): 1 at –17 °C; Row 
(ii): 1 at 35 °C; Row (iii): 2 at –20 °C; Row (iv): 2 at 0 °C; Row (v): 3 at –20 °C; Row 
(iv): 3 at 0 °C. Column (a): monomer consumption; Column (b): molecular weight 


























































































































































































































































































































distributions at times corresponding to data in column 1; Column (c): vinylidene (solid) 
and vinylene (open) concentrations; Column (d): primary (solid) and secondary (open) 





Figure 7-2. Arrhenius plots for kinetic rate constants describing kinetic behavior of 1–3. 
Green: 1, Red: 2, Blue: 3. 
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